Étude structurale de l'assemblage du complexe télomérique humain TRF2/RAP1 by Gaullier, Guillaume
E´tude structurale de l’assemblage du complexe
te´lome´rique humain TRF2/RAP1
Guillaume Gaullier
To cite this version:
Guillaume Gaullier. E´tude structurale de l’assemblage du complexe te´lome´rique humain
TRF2/RAP1. Biologie structurale [q-bio.BM]. Universite´ Paris Sud - Paris XI, 2015. Franc¸ais.
<NNT : 2015PA114831>. <tel-01281310>
HAL Id: tel-01281310
https://tel.archives-ouvertes.fr/tel-01281310
Submitted on 2 Mar 2016
HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.
L’archive ouverte pluridisciplinaire HAL, est
destine´e au de´poˆt et a` la diffusion de documents
scientifiques de niveau recherche, publie´s ou non,
e´manant des e´tablissements d’enseignement et de
recherche franc¸ais ou e´trangers, des laboratoires
publics ou prive´s.












ÉCOLE DOCTORALE 425 
INNOVATION THÉRAPEUTIQUE : DU FONDAMENTAL À L’APPLIQUÉ 
 
Équipe Enveloppe nucléaire, télomères et réparation de l'ADN 
    Département de Biochimie, Biophysique et Biologie Structurale (B3S) 
    Institut de Biologie Intégrative de la Cellule (I2BC) 
    UMR 9198 CNRS, CEA, Université Paris-Sud 
 
 
THÈSE DE DOCTORAT 
 
en 






Étude structurale de l’assemblage                                        





Date de soutenance : 22/09/2015 
 
Composition du jury : 
 
 
Directrice de thèse :             Marie-Hélène LE DU  Chercheur CEA  (CEA, Saclay) 
 
Rapporteurs :     Vincent GÉLI   DR CNRS  (CRCM, Marseille) 
    Dominique HOUSSET  Chercheur CEA  (IBS, Grenoble) 
Examinateurs :              Laure CRABBÉ   CR CNRS  (CGM, Gif-sur-Yvette) 
    Claudine MAYER   Professeur  (Institut Pasteur, Paris) 
  Herman VAN TILBEURGH  Professeur  (Univ. Paris-Sud, Orsay) 
Étude structurale de l’assemblage du complexe télomérique humain TRF2/RAP1 
Résumé 
 
Les télomères sont les extrémités des chromosomes linéaires des eucaryotes. Ils sont 
constitués de répétitions en tandem d’un motif court riche en guanine, et liés par des 
protéines spécifiques. Chez les vertébrés ces protéines forment un complexe appelé le 
shelterin et dont l’intégrité est critique pour assurer la réplication correcte des 
extrémités des chromosomes, et pour les protéger contre une prise en charge illicite par 
les voies de réparation des cassures double-brin de l’ADN. Des dysfonctions des 
télomères engendrent une instabilité du génome qui peut conduire à la sénescence ou 
au cancer. Les télomères représentent une région subnucléaire où les protéines du 
shelterin sont fortement enrichies, ce qui permet l’implication dans les fonctions 
biologiques d’interactions de basse affinité. Parmi les protéines du shelterin, la protéine 
de liaison aux répétitions télomériques TRF2 et son partenaire constitutif RAP1 sont les 
facteurs majeurs responsables de la protection des extrémités. Nous avons étudié en 
détails l’assemblage du complexe TRF2/RAP1 par des approches intégrées de biologie 
structurale, de biophysique et de biochimie. Nous avons montré que cet assemblage 
s’accompagne d’importants ajustements de conformation des deux protéines, et 
implique une interaction de basse affinité qui engage de grandes régions des deux 
protéines et affecte leurs propriétés d’interactions. 
 
Mots-clés : télomères, TRF2, RAP1, SAXS, ITC, cristallographie, empreinte protéique. 
 
Structural study of the assembly of human TRF2/RAP1 telomeric complex 
Abstract 
 
Telomeres are the ends of eukaryotic linear chromosomes. They are made of tandem 
repeats of a short guanine-rich motif and bound by specific proteins. In vertebrates, 
these proteins form a complex called shelterin, the integrity of which is critical to ensure 
proper replication of chromosome ends and to protect them against illicit targeting by 
DNA double-strand break repair pathways. Telomere dysfunctions lead to genome 
instability, which can ultimately cause senescence or cancer. Telomeres are a subnuclear 
region in which shelterin proteins are highly enriched, enhancing low affinity 
interactions of important biological function. Among shelterin proteins, telomeric 
repeat-binding protein TRF2 and its constitutive partner RAP1 are the main factors 
responsible for end protection. We studied in details the assembly of TRF2/RAP1 
complex by means of integrated structural, biophysical and biochemical approaches. We 
showed that this assembly displays important conformational adjustments of both 
proteins, and involves a low affinity interaction engaging large regions in both proteins 
which affects their interaction properties. 
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Homo_sapiens             1                     F    G    FY  P   K  L  L   GG   CR Q P A  L  P               S  Y   CV                   L K G THS TL V DD S MS  VR PA RR T ILH  G V  V E G VL AQ GEAL E FI T  ILD  E NERLELE YRLMAEAMD G DPN P S R S S S T A ...ASGD Q R A GPASAA
Gallus_gallus            1                     F    G    FY  P   K  L  L   GG   CR Q P A  L  P               S  Y   CV                   V V ED T M   IR A R  LL   L  V E G V  VQ GE A D V T  VV   E Q RL LD YR............MAAPPRK W P R GM L AP A AG H P P ......GA D A S R P L HSGP...
Xenopus_laevis           1                     F    G    FY  P   K  L  L   GG   CR Q P A  L  P               S  Y   CV                   G THS TL V DD T V   I  PL R  Q IIH  G M  L  G LL T G A YV T  VMD  E L VD YRL.......MATLG L H E P R P G Q Y E Q S S QGA......Q A RKG L H D DGSHGR
Xenopus_tropicalis       1                     F    G    FY  P   K  L  L   GG   CR Q P A  L  P               S  Y   CV                   G THS TL V DD T MS  V  PL R   I H  G M  M  G LL  G A YV T  IMD  LDVD YRL.......MAALG L R D P P G Q YP T E Q SA S QGA......Q A RIDKL D DGSHGR
Callithrix_jacchus       1                     F    G    FY  P   K  L  L   GG   CR Q P A  L  P               S  Y   CV                   L K G THS TL V ED S MS  VR PA RR T ILH  G L  V E G VL AQ GEAL E FI T  ILD  E NERLELE YRLMAEAMD G DPN P S R S S S T A ...ASGD Q Q T GPASAA
Oryctolagus_cuniculus    1                     F    G    FY  P   K  L  L   GG   CR Q P A  L  P               S  Y   CV                   L K G THS TL V ED S MS  VR PA RR T ILH  G V  V E G VL AQ GEAL E FI T  ILD  E NERLELE YRLMAEAMD G DPN P S R S S S S A ...ASGD Q R A GLASGA
Bos_taurus               1                     F    G    FY  P   K  L  L   GG   CR Q P A  L  P               S  Y   CV                   L K G THS TL V ED S MS  VR PA RR T ILH  G L  V E G VL AQ GEAA E FI T  ILD  E NEKLELE YRLMAEAME G DPN P S R S S S T A ...ASGD Q R A GPAPAA
Rattus_norvegicus        1                     F    G    FY  P   K  L  L   GG   CR Q P A  L  P               S  Y   CV                   L K G THS TL V ED S MS  VR A RR T ILH  G L  V  G VL AQ GEAL E FI T  ILD  E NEKLELE YRLMAEVMD G DPN P S R A SS S I K A ...ASGD Q R A GLTEQ.
Mus_musculus             1                     F    G    FY  P   K  L  L   GG   CR Q P A  L  P               S  Y   CV                   L K G THS TL V ED S MS  VR A RR T ILH  G V  V E G VL AQ GEAL E FI T  ILD  D NEKLDLE YRLMAEAMD G DPN P S R A SS S T A ...ASGD Q R A GLTEQ.
Macaca_mulatta           1                     F    G    FY  P   K  L  L   GG   CR Q P A  L  P               S  Y   CV                   L K G THS TL V ED S MS  VR PA RR T ILH  G V  V E G VL AQ GEAL E FI T  ILD  E NERLELE YRLMAEAMD G DPN P S R S S S T A ...ASGD Q R A GSASAA
Monodelphis_domestica    1                     F    G    FY  P   K  L  L   GG   CR Q P A  L  P               S  Y   CV                   M K THS SL V ED S IS  VR PA RR S ILH  G L  V E  VL AQ GEL E FI T  I D  E NERLELE YRLMTEGLE G DPNDS R R S G S S E QA ...ASGD Q T R D GRRDSE
Canis_familiaris         1                     F    G    FY  P   K  L  L   GG   CR Q P A  L  P               S  Y   CV                   L K G THS TL V ED S MS  VR PA RR T ILH  G L  V E G VL AQ GEAA E FI T  ILD  E NERLDLE YRLMAEAMD G DPN P S R S S S T A ...ASGD Q R A GSAAGQ
Taeniopygia_guttata      1                     F    G    FY  P   K  L  L   GG   CR Q P A  L  P               S  Y   CV                   RS SL L DD M   LR A R  VL   G L  V E G VL AQ GEVA D V  VAE  H.............AA R W HP R GL L AP A R P ......GA IE KPRG ..............
Danio_rerio              1                     F    G    FY  P   K  L  L   GG   CR Q P A  L  P               S  Y   CV                   M K S L L  Q M   VR P    I   G L   E G IL I  DA YI T  ILD  E N LD Y I...... S KKEASKI PV DPG S R G T MQ HP TS N N D T TNVTQNTGQK K Q QQ PND A IIGPSV
Homo_sapiens           108                                                                                                      D A      G P GRIAFTDAD V IL YVKDTGS..........EAKP ALAE..........................................................GAAE EPQRHA T
Gallus_gallus           90                                                                                                      D A      P GRL FTEAE A LL VR....................................................................................A LAASPR P RA
Xenopus_laevis          98                                                                                                      D A      G GR FTE E V IL YVRKRQSKGMKQDERE..... ESSHGSDGKEQVKVGEGPEEEDELSDLGELVIEEGLEEDEQESDTVKIKKENKMDCSEAQKIGSLKSARIHQT NP E V
Xenopus_tropicalis      98                                                                                                      D A      G R VFTE E V IM YVRPRKSQGSKKEERAPQQKV ESSQESDQKQQAKVGGDLEEGDKLSDPGEPVNEESLGS.....VSSTRKKENKMDCSEAQKIGSLKSARIHQTR N K L
Callithrix_jacchus     108                                                                                                      D A      G P GRVAYTDAD V IL YVKDTGS..........EAKP ALGE..........................................................GSVE EPQRHT T
Oryctolagus_cuniculus  108                                                                                                      D A      G P GRI FSDAD V IL YVKGPAP..........DAKS AS.........................................................SAEGAAE EPQPPA S T
Bos_taurus             108                                                                                                      D A      G P GRMVFTDAD V II YVKYQAP..........ETKP VLAGGV........................................................AAAE EPQSQA T
Rattus_norvegicus      107                                                                                                      D A      G P GRIAYTDAD V IL YVK..AS..........DPKP ASAE..........................................................GSTE EPQPLT T
Mus_musculus           107                                                                                                      D A      G P GRIAYTDAE V IL YVK..AS..........DPKP ASTE..........................................................GSTE EPQPLT T
Macaca_mulatta         108                                                                                                      D A      G P GRIAFTDAD V IL YVKDTGS..........EAKP ALAE..........................................................GAAE EPQRLA T
Monodelphis_domestica  108                                                                                                      D A      P P AFTEAE L IV YVKS.................................................................................... EPASGE GD R
Canis_familiaris       108                                                                                                      D A      G P GRIAFTDAD V IL YVK..AP..........ETKP AQAEGS....................................................AAAAAAAQ EPQPLA T
Taeniopygia_guttata     78                                                                                                      D A      LFTEAE A ML AR............................................................................................... QA
Danio_rerio            105                                                                                                      D A      GRL YS E A IL FIQ.................................................................................TRMALRNQGS G SE K E
Homo_sapiens           150           G   W   E        WQ    R    L                                                                       ENA SSVT NAL K M KS LT HS  LKD YLKH RG L P VS PS Q L RRSP A S Q S QEHKY LGDA . ..................... S...... K ...K........... K.....
Gallus_gallus          116           G   W   E        WQ    R    L                                                                       E VS TAL K L T LT HS  MRD YLRH RP A PRSGA.PR E C G R A LHRESQQTEEA. A..................... M................................
Xenopus_laevis         203           G   W   E        WQ    R    L                                                                       DNA TVT AL K M V RT  IKD YIKH KG L S PS Q I RPHRG I E QRR LK A KQGYR PLSAASR ...................HD E..DESP P TKKS........... T.....
Xenopus_tropicalis     203           G   W   E        WQ    R    L                                                                       ENA T  L K M V RT  IK  Y R  KG L S PS Q I RPHRG .. VS E QKQ VK A N F Y KRNYV PLTDDSS ...................QE DDEEECP P TKKS........... I.....
Callithrix_jacchus     150           G   W   E        WQ    R    L                                                                       ENA SSVT NAL K M KS LT HS  LKD YLKH RG L P VS PS Q L RRSP A S Q S QEHKY LGDA . ..................... S...... K ...K........... K.....
Oryctolagus_cuniculus  151           G   W   E        WQ    R    L                                                                       ENA SSVT NAL K M KS LT HS  LKD YLKH RG L P VS PS Q L RRSP A A P A QEHKY LGDA . ..................... S...... T ...K........... K.....
Bos_taurus             152           G   W   E        WQ    R    L                                                                       E A SSVT NAL K M KS LT HS  MKD YLKR RG L P VS PS Q L RH RSA A S Q S QEHKY LGEA . ..................... S...... K ...K........... K.....
Rattus_norvegicus      147           G   W   E        WQ    R    L                                                                       ENA SSVT NAL K M KS LT HS  LKD YLKH G L P VS PS Q L RRSP A S Q S Q QEHKY LGNA . ..................... S...... K ...K........... K.....
Mus_musculus           147           G   W   E        WQ    R    L                                                                       ENA SSVT NAL K M KS LT HS  LKD YLKH RG L P VS PS Q L RRSP A S Q S QEHKY LGNA . ..................... S...... K ...K........... K.....
Macaca_mulatta         150           G   W   E        WQ    R    L                                                                       ENA SSVT NAL K M KS LT HS  LKD YLKH RG L P VS PS Q L RRSP A S Q S QEHKY LGDA . ..................... S...... K ...K........... K.....
Monodelphis_domestica  134           G   W   E        WQ    R    L                                                                       DN SS T N L K L K LT H   MKD YLKH KG L P AS PS L RSRSP Q T A AA Q P A LEYKH EGEE . ..................... Q.......K ...K........... K.....
Canis_familiaris       154           G   W   E        WQ    R    L                                                                       ENA SSVT TAL K M KS LT HS  LKD YLKH RG L P VS PS Q L RRSP A S E S QEHKY LGDA . ..................... S...... K ...K........... K.....
Taeniopygia_guttata     93           G   W   E        WQ    R    L                                                                       LS AL L RS LT HS  MRD YLRH P P Q.GQGM.VR R IE G R A L RLWEPPQTED .T .....................IR................................
Danio_rerio            134           G   W   E        WQ    R    L                                                                       Q A  NLV K M K VT HS  MKD FLKH P S RKRQ... D K E RH E S QQKLADKPTKKS IKRKPLSFTQSPLRKKKVVEISEDE VQKGDCPEAPMATETGSINPPASPE ASSPPE
Homo_sapiens           213                        AE  P     G EP  Q K                                T DLPEEE             I              .......................  ED EAADS .  .. N R............................... P      YVK....E....E Q.............
Gallus_gallus        ..............................................................................................................
Xenopus_laevis         276                            P     G  G  S K                                S   P E              V              .......................NTST WTKRP NI RT E LGTALPMEKSS...TKAPAEQS..DA..VEST INF L KRGQHVTKG....V RRSEGEKKS.....
Xenopus_tropicalis     276                         D  P     G       K                                N  LP EE             I              .......................S ST CTEKP VAEKTGE LSTDTSVEG.......PSTEKS..DA..AKTS VN  V  RGQEVTEG....A KRSEGNKKS.....
Callithrix_jacchus     213                        AE  P     G EP  Q K                                T DLPEEE             L              .......................  ED EAADS .  .. N R............................... P      YGK....E....E Q.............
Oryctolagus_cuniculus  214                        AE  P     G EP  Q K                                T DLPE E             M              .......................  QD EAADS V  .. N R............................... P    G YVK....K....E K.............
Bos_taurus             215                        AE  P     G EP  Q K                                T DLPEEE             I              .......................  QD EAADS .  .. N R............................... P      FEK....E....E K.............
Rattus_norvegicus      210                        AE  P     G EP  Q K                                T DLPEEE                            .......................  QD EAADS .  .. N R............................... P      CVK....G....ETK.............
Mus_musculus           210                        AE  P     G EP  Q K                                  DLPEEE             I              .......................  QD EAADS .  .. N R...............................AP      CVK....G....E K.............
Macaca_mulatta         213                        AE  P     G EP  Q K                                T DLPEEE             I              .......................  ED EAADS .  .. N R............................... P      YVK....E....E Q.............
Monodelphis_domestica  196                        AD          EP  Q K                                N DLPEED             V              .......................  ET...EPADW  .. K K............................... P      SPE....E....Q Q.............
Canis_familiaris       217                        AE  P     G EP  Q K                                T DLPEEE             I              .......................  QD EAADS .  .. N R............................... P      YVK....E....E K.............
Taeniopygia_guttata  ..............................................................................................................
Danio_rerio            241                        V   P       D                                        DIPDE                             EPQAAGQPSQASSNDSQDETCVL IET ESENPRL EDAPDASNEHSSLKKKRRKTCKTSTTDSRSSRLEEDPVGQ     SNAQSSPKKKRQKACKTSTTDSRSSRLEE
Homo_sapiens           245                                                                               E                               E KM AT  FEE V E PD EI I M PE...............................................................EN EAVK LVE R VV D SP F H T CDD.DPPT ED
Gallus_gallus          171                                                                               E                               I AN  FE D L L E......................................................................G FEA R SSESGSDTS TPDE P QNGEGTFPL AA
Xenopus_laevis         347                                                                               E                               D HI AN  FE PE EL...................SDMS....................KG.........AVSATSKEDQE GGDL FEI M VD....DT I PKR............S
Xenopus_tropicalis     343                                                                               E                               D HI AN  FE PE EV...................TEMN....................EE.........AVSASSKENQD GADL FEI L VE....DT L PKR............S
Callithrix_jacchus     245                                                                               E                               E KM AT  FEE V E PD EI I M PE...............................................................DN DAVK LIE Q VV D SP F H T CDD.DPPT ED
Oryctolagus_cuniculus  247                                                                               E                               E KM AT  FEE V E PD EI I M PE...............................................................EN EAVK FME R VV E S. F H T CDD.APST ED
Bos_taurus             247                                                                               E                               E KM AT  FEE V E PD EI I M PE...............................................................EN AAVK LVE R IV D S. F H T CDD.DPCT ED
Rattus_norvegicus      242                                                                               E                               KL AT  E V E PD EI I M PE...............................................................ENGEADN FEE P LG AV D S. F H T CDG.DPPT ED
Mus_musculus           242                                                                               E                               KL A  F E V E PD EI I M PE...............................................................ENGEADN FEE AP G AV D S. F H T CDG.DPPT ED
Macaca_mulatta         245                                                                               E                               E KM AT  FEE V E PD EI I M PE...............................................................EN EAVK LVE R VV D SP F H T CDD.DPPT ED
Monodelphis_domestica  226                                                                               E                               E V N  E V D PD EL V G...............................................................DS ITEED LCSK Q VK CE H QT L I IKNGE.LTSP KNN
Canis_familiaris       249                                                                               E                               D KM AT  FEE V E PD EI I M PE...............................................................EN EAVK LVE R IV D S. F H T CDD.DPPT ED
Taeniopygia_guttata    147                                                                               E                               L AN  FE D GE......................................................................G FAA R STESESDSS VA.EHPTQDGVRRFP TA
Danio_rerio            351                                                                               E                               D I A  FED V D E E VNPDRRDIPDESTEQSSPNKSQMTSKISTSDSGNPIGDQGCDNPHGCNANSSPSKTRQTNSEASTP SKKLG LAK AK SD M DSE C NPCE PIA.EPSDAQES
Homo_sapiens           291 S                       Q  E E                    E   SQPE      V  AI II  LME F LDL TVTQA LKNSGELEATS FL SGQR  .....................ET PD E E.E................E EKV    ...... GA  K  RQ   K N   S     F           A  A    A
Gallus_gallus          211 S                          E                           S        A  AA II   ME F  DL TVTQA LKNSGEVEATS YL  GQR  GLQT.GL.........DDCALPAAQG NK..Q................TNTFSD SK...... EE  Q  QHF  E HT  L     L           Y  HA   L
Xenopus_laevis         393                         S                         D   SSPE         L  AL  MM  F L L  VTQA LKNNGEL AT  FL TGSR LSLRE.FV.........MGEDPPS QSQ...TQ................V EVS    DS...ESEG QE  LG  SE K R RD    L       S  RH  R    P
Xenopus_tropicalis     389                         S                         D   SSPD         L  AL  MM  F L L  VTQA LKNNGEL AT  FL TGSR FGLKE.FV.........MGEDLPS QSQ...TQ................V EVS    AS...ESEG QE  LS  SE K S CD    L       A  RH  Q    P
Callithrix_jacchus     291 S                       Q  E E                    E   SQPE      V  AI II  LME F LDL TVTQA LKNSGELEATS FL SGQR  .....................ET PD E E.E................E EKV    ...... GT  K  RQ   K N   S     F           A  A    A
Oryctolagus_cuniculus  292 S                       Q  E E                    E   S PE                L   Y V                              .....................EA PE E E................... EKV A  ......DSISCLCSLV .LL C .............................
Bos_taurus             292 S                       Q  E E                    E   S PE      V  AI II  LME F LDL TVTQA LKNSGELEATS FL SGQR  .....................ET PD E ..E................E EKV A  ...... GA  K  RQ   K N   S     F           S  E    A
Rattus_norvegicus      287 S                       Q  E E                    E   ST E      V  AI II  LME F LDL TVTQA LKNSGELEATS FL SG R  .....................ET PD E ...................E PKV  Q ...... GT  K  RQ   K N   S     L           S  E  R P
Mus_musculus           287 S                       Q  E E                    E   ST E      V  AI VI  LME F LDL TVTQA LKNSGELEATS FL SG R  .....................ET PD E ...................E PKV  Q ...... GT  K  RQ   K N   S     L           S  E  R P
Macaca_mulatta         291 S                       Q  E E                    E   SQPE      V  AI II  LME F LDL TVTQA LKNSGELEATS FL SGQR  .....................ET PD E E.E................E EKV    ...... GA  K  RQ   K N   S     F           A  A    A
Monodelphis_domestica  272 S                          E E                         SPD      V  AI VI  LME F VDL TVTQA LKNSGELEAT  FL TGQR  NSKE.AS..............KDDEL A ESS................SSPSSL   ...... GA  K  RH   E S   A     F          CS  Q    S
Canis_familiaris       294 S                       Q  E E                    E   S PE      V  AI II  LME F LDL TVTQA LKNSGELEATS FL SGQR  .....................ET PD D EEE................E EKV P  ...... GA  K  RQ   K N   S     F           S  E    A
Taeniopygia_guttata    186                                                       TS        V  VV  M   ME F VDL TVTQA LKNSGDVEATS FL TGQR CELKT.GP.........EDSAFPDIQLQRQERP................KSTCS  NV...... GQ  KT EHF  K A   L     F           Y  Q    L
Danio_rerio            460 S                       S    E                         TPE      L  V   V  LM     DL  VT A LK SGDL   Q FL NG    ATPATLVREPESQAEHHEETQPD PMSE ERPGPSSAVVPPSLNSSTSCSHIRE   ETLSRD LE KEQ IN  RETKK  VE  K L  A    KRA V  L  YDH
Homo_sapiens           357  DGYPIW R DDIDLQKDDE  R  LV KFGA NVARRI FR                                                                    .      S Q          DT EA  K    Q      E  KK...
Gallus_gallus          287  DGYPVW R DDLELQKDDE  R  LI KFGA NVARRV FR                                                                    .      S E          DV SK  A    E      A  KS...
Xenopus_laevis         471  DGFPIW R DDLDLQK D      LI KYG  NVAKRV F                                                                     .      I K       A AETQKR  Q   SD      A LAS...
Xenopus_tropicalis     467  DGYPIW R DDLDLQKDD      LI KYGA NVAKRV F                                                                     .      V K         AETLKR  Q    D      A LAS...
Callithrix_jacchus     357  DGYPIW R DDIDLQKDDE  R  LV KFGA NVARRI FR                                                                    .      S Q          DT EA  K    Q      E  KK...
Oryctolagus_cuniculus ...............................................                                                               
Bos_taurus             357  DGYPIW R DDLDLQKDDE  R  LV KFGA NVARRI FR                                                                    .      S Q          AT DA  K    Q      E  KK...
Rattus_norvegicus      351  DGFPIW R DDLDLQKDDD  R  LV KYGA NVARRI FR                                                                    .      C Q          DT NA  K    Q      E  KK...
Mus_musculus           351  DGYPIW R DDLDLQKDDD  K  LV KFGA NVARRI FR                                                                    .      C Q          DT NA  K    Q      E  KK...
Macaca_mulatta         357  DGYPIW R DDIDLQKDDE  R  LV KFGA NVARRI FR                                                                    .      S Q          DT EA  K    Q      E  KK...
Monodelphis_domestica  345  DGYPIW R DDVDLQKDDE  R  LI KFGA NVARRI FR                                                                    .      T Q          NT SK  K    K      E  SN...
Canis_familiaris       361  DGYPIW R DDLDLQKDDE  R  LV KFGA NVARRI FR                                                                    .      S Q          DA DA  K    Q      E  KK...
Taeniopygia_guttata    264  DGYPVW R DDLELQKDDE  R  LV KFGA NV KRI FR                                                                    .      S E          HV NK  A    G  E   V  ES...
Danio_rerio            570     PLW R DD  L   D      L  KFG   V RR  F                                                                     ETHG   T L  ET LAA PYELEQ QS   EEE T  KS LATDVK
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Homo_sapiens             1                                                                                              E   N W    Y   A L G EA L AV R VL F FH  LMAAGAGTAGPASGPGVVRDPAASQPRKRPGREGG...EGARRSDTMAGGGGSSDGSGRAAGRRASRSSGRARRGRHEPG GGPAER AG R E K E
Gallus_gallus            1                                                                                              E   N W    Y   A M  AV R VL F FH  V....................................................................MAAKR..SRAA EEQEKTSTRSDDR Q Q Q
Xenopus_laevis           1                                                                                              E   N W    Y   A L P I L I  A Y FH  V....................................................................ME.....SNST R.ECGS DPC Q RT Q FD T
Xenopus_tropicalis       1                                                                                              E   N W    Y   A L P L I  V Y FH  V....................................................................ME.....TNST E.ERRS DSCKQ RT Q FD T
Callithrix_jacchus       1                                                                                              E   N W    Y   A L G EA L AV R VL F FH  L................................................GLGDVDFKPQEALRPAQRELRRPRRGPGPPV SLPEAR RL R E K E
Oryctolagus_cuniculus    1                                                                                              E   N W    Y   A L G EA L AV R VL F FH  LMAAGAGTAGPASGPGVVRDPAASQPRKRPSRGGG...EGARRSDAMAGGGGSSDGSGR.AGRRASRSGGRARRGRHEPG GGPGDR AG R E K E
Bos_taurus               1                                                                                              E   N W    Y   A L G EV L AV R VL F FH  LMAAGAGTAGSASGPGVVRDPAASQSRKRPGREGG...EGARRSDAMAGGGGSSDSSGRAAGRRASRSGGRARRGRHAPG GGAAER AG R E K E
Rattus_norvegicus        1                                                                                              E   N W    Y   A L G EA L AV R VL F FH  L.............................................MAGGGGSSDNGGRAANRRASRSGGRARRGRHEPG GGAAER AG R E K E
Mus_musculus             1                                                                                              E   N W    Y   A L G EA L AV R VL F FH  LMAAGAGTAGPASGPGVVRDPMASQPRKRPSREGGEGGEGERRSNTMAGGGGSSDSSGRAASRRASRSGGRARRGRHEPG GGAAER AG R E K E
Macaca_mulatta           1                                                                                              E   N W    Y   A L G EA L AV R VL F FH  L.............................................MAGGGGSSDGSGRAAGRRASRSSGRARRGRHEPG GGPAER AG R E K E
Monodelphis_domestica    1                                                                                              E   N W    Y   A L G EA L AV R VL F FH  L...........................................................................HETG GGDGER LG R E K E
Canis_familiaris         1                                                                                              E   N W    Y   A L G EA L AV R VL F FH  L.............................................MAGGGGSSDGSGRAAGRRASRSGGRARRGRQEPG GGATER AG R E K E
Taeniopygia_guttata      1                                                                                              E   N W    Y   A A  MV  VL F FH  I.....................................................................................GAGMA LP K G Q R
Danio_rerio              1                                                                                              E   N W    Y   A E  II R F  ...................................................................................MSDKPC PSW Q SFD AFQ F
Homo_sapiens           108  A R      F             P          LR MQ  SR   G   D  F      TPLESA   L  I                   E  V  CI    F  A  F RY D RQIRDIMQALLVR L KE TVS L  V  CL  IEE ENL CS D EAEL      I V EM K EFTL E VVESSRKLVK AA II  KNKE EK SR GS G G H R M N T T A
Gallus_gallus           41  A R      F             P          LR MQ  SR   G   D  F      TPLESA   L  I                   E  V  CI    F  A  Y R D RQLRDVMQALLVR L RE V M  V  L  IEE ENL CT D E EL      I I L EFSV E IE HKVLK AA IV  KNKE K A AG NR E PA AQ F K T G Q AK P KK LI S L
Xenopus_laevis          37  A R      F             P          LR MQ  SR   G   D  F      TPLESA   L  I                   E  V  CI    F  A  F R D IRDIVSVLLLR L Q   I  CI  IEE E  CT       V L DI E L E L TNK MVK AA LV  K  D  E SD HE QE ETKA NDCK DP NDNNNE G QE MP D D FK Q KQK Q I
Xenopus_tropicalis      37  A R      F             P          LR MQ  SR   G   D  F      TPLESA   L  I                   E  V  CI    F  A  F R D IRDIVSVLL H L Q   I  C   IEE E  CT E       V L DI E L E LL TNK MVK AA LV  KS  D  E SD RK QE H EIKA NDCK F DP NE NNE G QK MP D D R Q QK Q I
Callithrix_jacchus      63  A R      F             P          LR MQ  SR   G   D  F      TPLESA   L  I                   E  V  CI    F  A  F RY D RQIRDIMQALLVR L KE TVS L  V  CL  IEE ENL CS D EAEL      I V EM K EFTL E VVESSRKLVK AA II  KNKE EK SR GS G G H R M N T T A
Oryctolagus_cuniculus  107  A R      F             P          LR MQ  SR   G   D  F      TPLESA   L  I                   E  V  CI    F  A  F RY D RQIRDIMQALLVR L KE TVS L  V  CL  IEE ENL CS D EAEL      I V EM K EFTL E VIESSRKLVK AA II  KNKE EK SR GS G G H R M N T T A
Bos_taurus             108  A R      F             P          LR MQ  SR   G   D  F      TPLESA   L  I                   E  V  CI    F  A  F RY D RQIRDIMQALLVR L KE TVS L  V  CL  IEE ENL CS D EAEL      I V EM K EFTL E VIESSRKLVK AA II  KNKE EK SR GS G G H R M N T T A
Rattus_norvegicus       66  A R      F             P          LR MQ  SR   G   D  F      TPLESA   L  I                   E  V  CI    F  A  F RY D RQIRDIMQALLVR L KE TVS L  V  CL  IEE ENL CS D EAEL      I V EM K EFTL D MVESSRRLVK AA II  KNKE EK SR SS R G H R M N T T S
Mus_musculus           111  A R      F             P          LR MQ  SR   G   D  F      TPLESA   L  I                   E  V  CI    F  A  F RY D RQIRDIMQALLVR L KE TVS L  V  CL  IEE ENL CS D EAEL      I V EM K EFTL D MVESSRKLVK AA II  KNKE EK SR SS R G H R M N T T S
Macaca_mulatta          66  A R      F             P          LR MQ  SR   G   D  F      TPLESA   L  I                   E  V  CI    F  A  F RY D RQIRDIMQALLVR L KE TVS L  V  CL  IEE ENL CS D EAEL      I V EM K EFTL E VVESSRKLVK AA II  KNKE EK SR GS G G H R M N T T A
Monodelphis_domestica   36  A R      F             P          LR MQ  SR   G   D  F      TPLESA   L  I                   E  V  CI    F  A  F RY D RQIRDIMQALLVR L KE TIS L  I  CL  IEE ENL CS D EAEL      I V E  K EFTL E VVESSRKLVK AA II  KNKE EK SR GG G G H R M N T T T A
Canis_familiaris        66  A R      F             P          LR MQ  SR   G   D  F      TPLESA   L  I                   E  V  CI    F  A  F RY D RQIRDIMQALLVR L KE TVS L  V  CL  IEE ENL CS D EAEL      I V EM K EFTL E VVESSRKLVK AA II  KNKE EK SR GS G G H R M N T T A
Taeniopygia_guttata     26  A R      F             P          LR MQ  SR   G   D  F      TPLESA   L  I                   E  V  CI    F  A  Y R D RQ RDIMQALLVR L RE VT M  I  L  VEE ENL CT D ELEL      M V D  R EFSV D MET KMVK AA VV  RNKE EK SE SG NR F D PD Q L K L F E A RT VQ
Danio_rerio             28  A R      F             P          LR MQ  SR   G   D  F      TPLESA   L  I                   E  V  CI    F  A  F Y  II VVVR V M   L  L  I  D L T E       L V E  D SV RHAI  ML MV  RS E EK S NGD TA THFIN ES DGHTD IPK F NN K L E..PK D S CR M PHTEQQLI S G E
Homo_sapiens           218    K                   IR     H      S                    P L                                                 KIL K MSKDPTTQKLRNDLLNI  EKN  PVIQNF YE FQQ ML FLESHLDD E Y LTMAKKA KS SA S TH LA T K R A L E A..S. ....... G.....................
Gallus_gallus          151    K                   IR     H      S                    P L                                                 VL R M KD NQK RTEL TI  EKN  PII F Y FQQ M FL T VD E  VTMMK L S SA H E TG K Q RA RD VN Y FQ K Y TS L S NSERAEEPKR. ....... VTP.....ESPSRTEDQE.EAY
Xenopus_laevis         147    K                   IR     H      S                    P L                                                 RIL K IS S KLR EL TI  EKN  PLITNF F I E HID D  LTIAKK KS L Q TY NY. KR A H QN TTIKKM YQLF K VT I EQ QC SKDP. ....... ..........PTTE........
Xenopus_tropicalis     147    K                   IR     H      S                    P L                                                 RIL K IS N KLRSDL TI  EKN  PLI NF F I E HIE   LTMAKK KS L Q TY NN. KR Q QN A TTIKKM YQLF K LTA V EQ QC SEEP. ....... ..........PPTE........
Callithrix_jacchus     173    K                   IR     H      S                    P L                                                 KIL K MSKDPTTQKLRNDLLNI  EKN  PVIQNF YE FQQ ML FLESHLDD E Y LTMAKKA KS SA S TH LA T K R A L E A..S. ....... V.....................
Oryctolagus_cuniculus  217    K                   IR     H      S                    P L                                                 KIL K MSKDPTTQKMKNDLLNI  EKN  PVIQNF YE FQQ ML FLESHLDD E Y LTMAKKA KS SA S TH VA T K R T L Q A..S. ....... V.....................
Bos_taurus             218    K                   IR     H      S                    P L                                                 KIL K MSKDPTTQKLRNDLLNI  EKN  PVIQNF YE FQQ ML FLESHLDD E Y LT L KA KS S TH LA T K R A S P L E SA..S.A....... V.....................
Rattus_norvegicus      176    K                   IR     H      S                    P L                                                 KIL K MSKDPTTQKVRTDLLNI  EKN  PVIQNF YE FQQ ML FLESHLDD E Y LTMAKKA RS SA S TY LA I K R T L E A..S. ....... M.....................
Mus_musculus           221    K                   IR     H      S                    P L                                                 KIL K MSKDPTTQKLRTDLLNI  EKN  PVIQNF YE FQQ ML FLESHLDD E Y LTMAKKA KS SA S TY LA V K R T L E A..S. ....... M.....................
Macaca_mulatta         176    K                   IR     H      S                    P L                                                 KIL K MSKDPTTQKLRNDLLNI  EKN  PVIQNF YE FQQ ML FLESHLDD E Y LTMAKKA KS SA SH LA T K R A L E A..S. .......PG.....................
Monodelphis_domestica  146    K                   IR     H      S                    P L                                                 KIL K MSKDPTTQKLRNDLL I  ERN  PVIQNF YE FQQ ML FLESHMDD E Y LTMAKRA KS SA S SH G IT I K R A L E S..T. ....... ......................
Canis_familiaris       176    K                   IR     H      S                    P L                                                 KIL K MSKDPTTQKLRNDLLNI  EKN  PVIQNF YE FQQ ML FLESHLDD E Y LTMARKA KS TA S TH LA T K R A L E A..S. ....... V.....................
Taeniopygia_guttata    136    K                   IR     H      S                    P L                                                 IV K KEP NQK RNE L V  EKN  P V NF YE FQQ I FL MDD E  LTLAD HFG R K W A PS K K D S FG KGY S A GATEDL.......................................
Danio_rerio            136    K                   IR     H      S                    P L                                                 ML H S S K LL L  R  VLQ  Y F Q ML FVE E F LQMLRR Q S TE FS SS.D AGK KL H C RSS T LS SH K D Q RLFSVP SGWPS RPEVRR TQNNRRF VKPSKRTPPHSSAAEDHGAECV
Homo_sapiens           297 ...................................................................KE.DK........................QPAP..........
Gallus_gallus          247 EPL......................RRVKHSVGTLRRAETAGGVAGAPSCPEMAKDPTGAPEHVGTVKDAVRAPCPAESTEDSQGTPRCAETARDVMGAPSPSEMTKDLL
Xenopus_laevis         230 ......................................................................................................QE......
Xenopus_tropicalis     230 ......................................................................................................QE......
Callithrix_jacchus     252 ...................................................................KE.DK........................QPAP..........
Oryctolagus_cuniculus  296 ...................................................................KE.DK........................QPAP..........
Bos_taurus             297 ...................................................................KEPQP........................QPAP..........
Rattus_norvegicus      255 ...................................................................KEE...........................KHT..........
Mus_musculus           300 ...................................................................REE...........................KHP..........
Macaca_mulatta         255 ...................................................................KE.DK........................QPAP..........
Monodelphis_domestica  224 ................................................................................................QLAL..........
Canis_familiaris       255 ...................................................................KE.DK........................QPAP..........
Taeniopygia_guttata    207 ................................................................................................EGAASPAK......
Danio_rerio            245 SAVSRQGLQQVFDLLSEQYGVGISFFQLQDSVEAEAQQQQEGGVAGPELCLTLSETPMQTVILSDT............................................
Homo_sapiens           305                         PV  P                                                 E P                             .......................G  EK ...............................................PR . .............................
Gallus_gallus          335                         PV  P                                                   P                             GAPKCTETARDVVRAPSPAESTKD  GT GHAETARDVARAPSPAETTKNLPGAPECADTVKNTVRAPSPAERRKDLVRA KRAETARDVVRAPSPAERVKDTAGASEPM
Xenopus_laevis         232                                                                               E P                             ..........................QTTLH...................L.........................QN S RS...........................
Xenopus_tropicalis     232                                                                               E P                             ..........................RTTSQ...................L.........................QN S RS...........................
Callithrix_jacchus     260                         PV  P                                                 E P                             .......................G  EK ...............................................PR . .............................
Oryctolagus_cuniculus  304                         PV  P                                                 E P                             .......................E  AK ...............................................PR . .............................
Bos_taurus             306                         PV  P                                                 E P                             .......................E  EK ...............................................LR . .............................
Rattus_norvegicus      261                         PV  P                                                 E P                             .......................E  EK ...............................................LR . .............................
Mus_musculus           306                         PV  P                                                 E P                             .......................E  EK ...............................................LR . .............................
Macaca_mulatta         263                         PV  P                                                 E P                             .......................G  EK ...............................................PR . .............................
Monodelphis_domestica  228                         PI  P                                                 E P                             .......................E  DK ...............................................LQ . .............................
Canis_familiaris       263                         PV  P                                                 E P                             .......................E  QK ...............................................LK . .............................
Taeniopygia_guttata    215                         PA                                                    E                               .......................R  T.........................................SPEARHRALA L..............................
Danio_rerio            311                                                                               D P                             ...................E........................................................EQ E RRY..........................
Homo_sapiens           315                                                                        L                                      Q TT GM LK AFK  S DSEAAF KLDQ DL QA SPA KNKR R...............................................A.R L.RNPP I MT A T GAQ A K VLPT LPA L P K
Gallus_gallus          445                                                                        L                                      TT GI LR AFK  S DSDALF KLD DL QM RTKR KKSASYPTASQPRIAAVKSSKVFSVPVEISEQP..AAAAPVHAGVSSRDLERTPFRTV Y SV E M NSP N ET PSPQ SPSV.SH R E
Xenopus_laevis         245                                                                        L                                      S S GL LK FK  D D IF L D T PL K..............................................PQVV SEADCVI Y SV SK S CQEE P T RG CEM FCRQD P.NDI E A.....
Xenopus_tropicalis     245                                                                        L                                      S S GL LK F  DTD MF KL D T PV K..............................................SQVV SEADCVI Y SV SK MS CQEE T R CET FCRKE P.IDI E A.....
Callithrix_jacchus     270                                                                        L                                      S TT GM LK AFK  S DSEAAF KLDQ DL QA SPA KNKR R...............................................TSR AASDTP F AT A T GAQ A K VLPT PST L P I
Oryctolagus_cuniculus  314                                                                        L                                      TT GI LK AFK  S DSDAAF KLDQ DL QV SPA KNKR R...............................................GRQ..LQNTP I TT A A GAQ S K VLPN TPP L P K
Bos_taurus             316                                                                        L                                      Q TT GI LK AFK  S DSEAAF KLDQ DM V SPA KNKR R...............................................ASR L.QSTP I RT A T SAQ S K VFPNK CPP L T K
Rattus_norvegicus      271                                                                        L                                      Q TT GL VK AFK  S DSEAAF KLDQ DL A SP KNKR R...............................................P.R P.RNPP I RT A A TAQ A K VLPNL SPS TH P K
Mus_musculus           316                                                                        L                                      Q T GI LK AFK  S DSEAAF KLDQ DL A SPA K KR R...............................................PSR P.QNPPA I RT A A TAQ A K VLANL SPS H H P K
Macaca_mulatta         273                                                                        L                                      Q TT GM LK AFK  S DSEAAF KLDQ DL QA SPA KNKR R...............................................T.R L.RNPP I MT A T GAQ A K VLPT SPA L P K
Monodelphis_domestica  238                                                                        L                                      T GI LK AFK  S D DAAF KLDQ DV V S A KNKR R...............................................MR..PLPESPA F ST K S DSQ P T K ILARP SP. A L Q Q
Canis_familiaris       273                                                                        L                                      Q TT GI LK AFK  S DSEAAF KLDQ DL QV SPA KNKR R...............................................V.R L.RSTP I MT A T SAQ S K VLPN SMP L P K
Taeniopygia_guttata    231                                                                        L                                      Q TS GI LR AFK  S D D LF KLD DL QL RTKR R................................................PR QPPGAV C SV E I DSG P T T ET PCPK SPSV.SH C E
Danio_rerio            320                                                                        L                                      ST R  N V S SPA RS R.....AGMTISRLVQEEDSQISAEHTHIEDEEEEEEQTHTHRGGD...CSLSEPQCS .....Q STPAR CK..........RS TR QQSE ESQS H TPA A
Homo_sapiens           376                     D     EN  S P D     E Q  K   MTISRLVLE DSQ T  S    SSQE A       SKP V    NQP    K  K  K KW.................... .....  ES A A GEGGS L P. NKR         E   S EP AGLN    A SA...PP   T ...L   LPGE NP VP G  
Gallus_gallus          552                     E      N  S         E         TISKMIMD  SQ S  S    SSQE V        RP       QP       R    RW.................... .....K QG ET...LDSP IPHKSKRLF        QG  C KS ESPD    R VS...SAY  VQ.ELPD  VST...K SSQQ  
Xenopus_laevis         303                               T   E          K   VSL  VVID DSQ    S     SSD         QKP             K  R      .............................G DTE S...ILGRHR KLV   KQ    K   CIHL ENSNV   RTNQAAPSA   KN......QQITP K. KLNSML
Xenopus_tropicalis     303                               T   E          K   VSLQ LVM  DNQ    S     S D A       QKP        P    K  R      .............................G HTE PDSLISERKG KLV    Q   KK   CINL ENANI H S HQNVSSA   QN...... QITP K. KLNSML
Callithrix_jacchus     333                     D     EN  S P E     E Q  K   MTISRLVLE DSQ T  S    SSQE V       SKP V    NQP    K  K  K KW.................... .....  GS A A GEGGS L L. NKR         K   V EP TGLS    A PA...PP   T ...L   LPGE NP IP G  
Oryctolagus_cuniculus  375                     D     EN  S P E     E Q  K   MTISRLILE DSQ T  S    SSQE V        KP A    NQP       R  K KW.................... .....  ES A A GEGSS L P. SKR         E   S EP TGLT    A PA...SPP  T ...L   RPREISL VP S  
Bos_taurus             378                     D     DN  S P E     E Q  K   MTISRLVLE DSQ T  S    SSQE         SKP V    NQP    K  K  K KW.................... .....  ES A T GEGGS L P. TKR         E   S EP SGLD    VTPA...SP   T ...L   LPGE NP VT G  
Rattus_norvegicus      332                     D     EN  S P E     E Q  R   MTISRLVLE DSQ S  S    SS   L       SKP A    NQP    K  K  K KW.................... .....  ES A A GEGGS R P. NNR         E   S EP PDLN  RQA SA...SP   R ...L   HTGE NP AS D  
Mus_musculus           378                     D     E     P E     D Q  R   MTISRLLLE DSQ T  S    SS   M       SKP A    NQP    K  K  K KW.................... ..... HESAA A GEGGS R P. NSP         E   S EP PGLN  HKA S.....A   R ...L   HPGE KP AS D  
Macaca_mulatta         334                     D     DN  S P E     E Q  K   MTISRLVLE DSQ T  S    SSQE A       SKP V    NQP    K  K  K KW.................... .....  ES A A GEGGS L P. NKR         E   S EP AGLN    A PA...PP   T ...L   LPGE NP VP G  
Monodelphis_domestica  298                     E         S P D     E Q  K   MTISRLVLE DSQ S  S    SSQE I       S   V    NQP    K  K  K KW.................... ........E S S SADNS L P. NKR         H   I EQ DSPD    T VS...SA NST LKLH   LSGE SH IH D  
Canis_familiaris       334                     D     EN  S P E     E Q  K   MTISRLVLE DSQ T  S    SSQE V       SKP V    NQP    K  K  K KW.................... .....  ES A A GEGGS L P. NKR         E   S EP ASLD    V PA...SP   T ...L   LPGE NP VP G  
Taeniopygia_guttata    292                           EN  S         E         SIS LIME DSS S  S    SSQE V       SKP        P            RW....................V.....  QA ET...SQPP MPHNIKNLF   N    L   S KS ECPD    H VS...SA   AP.KLPEE LA.......AQR  
Danio_rerio            407                           EN  T P         Q      I      V   S               V       T P A    STP          R KWSHPSNPRSSTRKKTPSRRRIIESSDS  EQ T AAATHTPRG RQQHRS .....R SSG E............PE DS..... S A HTRR   TSTH.TRTTK S  
Homo_sapiens           454             W     LF                      W   E EW   GV  YG G W  I    PF  RT V  KDR RTM  L                    NSSNGVEE KET EEDE  TTN KKQK TVE S  VK   K  E N  SKNY  VN  A MI   W   KR GM. V QVQA...APDEDS IT A Q AA N...
Gallus_gallus          627             W     LF                      W   E EW   GV  YG G W  I    PF  RT V  KDR RTM  L                    NSS G E KDS DEDE  T KKQK TV  S  IK   K  E   S Y  N   I   Y   KK GIY E R. S TDAALTETSSNNS VYGS Q D R R KT EK Q S Q A...
Xenopus_laevis         374             W     LF                      W   E EW   GV  YG G W  I    PF  RT V  KDR RTM  L                    S I E RDN E DE  TST KRQK T D T  I   K  E N  KNY  LN   MI   W   KK GIDR .D V D I A GSKREENGKTSNN NS E IK K KD M S VPDK
Xenopus_tropicalis     377             W     LF                      W   E EW   GV  YG G W  I    PF  RT V  KDR RTM  L                    S I E DT E DE  TTT KKQK T E T  I   K  E N  K F  N   MI   W   KK GIDG .D V EQ S A KSKREENVKTNNT NG H TK K KD L K Q S VPNN
Callithrix_jacchus     411             W     LF                      W   E EW   GV  YG G W  I    PF  RT V  KDR RTM  L                    NSSNGVEE KET EEDE  TTN KKQK TVE S  VK   K  E N  SKNY  VN  A MI   W   KR GM. V PVQA...APDEDS VT A Q AA N...
Oryctolagus_cuniculus  453             W     LF                      W   E EW   GV  YG G W  I    PF  RT V  KDR RTM  L                    NSSNGVEE KET EEDD  S QK TVE S  VK   K  E N  SKNY  VN  A MI   W   KK GM. V QVQGE...PWNRLGA LILL A Q AA N...
Bos_taurus             456             W     LF                      W   E EW   GV  YG G W  I    PF  RT V  KDR RTM  L                    NSSNGVEE KET EEDE  TN KKQK TVE S  VK   K  E N  SKNY  VN  A MI   W   KR GM. V QVQA...APDEESA TT A Q AA N...
Rattus_norvegicus      410             W     LF                      W   E EW   GV  YG G W  I    PF  RT V  KDR RTM  L                    NS NGLEE KE  EED   SSN RKQK TIE S  VK   K  E N  SKSY  VN  A MI   W   KK GLP . V S Q EVRA....PGEDK LA D Q VA N...
Mus_musculus           454             W     LF                      W   E EW   GV  YG G W  I    PF  RT V  KDR RTM  L                    NS NGLEE KE  EED   SSS RKQK TIE S  VK   K  E N  SKSY  VN  A MI   W   KK GMP . V L Q EVQA....PGEDR LT D R AA N...
Macaca_mulatta         412             W     LF                      W   E EW   GV  YG G W  I    PF  RT V  KDR RTM  L                    NNSNGVEE KET EEDE  TTN KKQK TVE S  VK   K  E N  SKNY  VN  A MI   W   KR GM. V QVQA...APDEDS IT A Q AA N...
Monodelphis_domestica  376             W     LF                      W   E EW   GV  YG G W  I    PF  RT V  KDR RTM  L                    NSSNGLEE KDT EEEE  TN KQK TV  S  IK   K  E N  SKNF  VN  A MI   W   KK GM. L HVQVVPTSEWSTH PLTL Q A K AA N...
Canis_familiaris       412             W     LF                      W   E EW   GV  YG G W  I    PF  RT V  KDR RTM  L                    SSNGAEE R T EEDE  TTS KKQK TVE S  VK   K  E N  SKNY  VN  A MI   W   KK GMD K H L QVQGKSSAPDEES IT A Q AA N...
Taeniopygia_guttata    363             W     LF                      W   E EW   GV  YG G W  I    PF  RT V  KDR RTM  L                    NSS G EE KDS DEDE  K TI  S  IK   K  E   Y  N  A MI   W   KK GMC T . S ANAEPGLPNS....PHAGQVL Q E K K KS CLK R L...
Danio_rerio            494             W     LF                      W   E EW   GV  YG G W  I    PF  RT V  KDR RTM  L                    SGI DN DED   R  SV  S  LK   R     F  A   A L   W   K MLDV ...Q S S HTSTAPA........KKYT KM Q Q V V H ER RSA G N V K V...
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ABSTRACT 1 
Telomere integrity is essential to maintain genome stability, and telomeric dysfunctions are 2 
associated with cancer and aging pathologies. In human, the shelterin complex binds 3 
TTAGGG DNA repeats and provides capping to chromosome ends. Within shelterin, TRF2 is 4 
required for telomere protection through a network of nucleic acid and protein interactions. 5 
One unresolved question is how TRF2 partners influence its properties toward DNA and 6 
regulate its capacity to bind multiple proteins. Through a combination of biochemical, 7 
biophysical and structural approaches, we unveiled a unique mode of assembly between 8 
TRF2 and its shelterin partner RAP1. The complete interaction scheme between the full-9 
length proteins involves a primary site of RAP1 and a secondary interaction that directly 10 
affects the binding properties of the assembly. These results reveal how a non-DNA binding 11 
protein can influence the properties of a DNA-binding partner by mutual conformational 12 
adjustments. 13 
  14 
 3 
Telomeres are specific nucleoprotein complexes that protect the chromosomes termini against 1 
degradation, checkpoint activation and illicit repair. Shelterin is a six-protein complex that 2 
constitutes the core of the telomere structure by binding double-stranded DNA through TRF1 3 
and TRF2 (Telomeric Repeat-binding Factors 1 and 2) and single-stranded DNA through 4 
POT1. TIN2 bridges TRF1 and TRF2, whereas TPP1 links double-stranded DNA and single-5 
stranded DNA through its interaction with POT1 and TIN2, and RAP1 tightly interacts with 6 
TRF2 (1, 2). Shelterin functions depend on the recruitment of many associated factors (2, 3), 7 
and on the formation of specific assemblies with DNA (4). Systematic study of the telomeric 8 
proteins interaction network reveals more than one thousand protein-protein interactions and 9 
telomere-associated proteins (5). The individual implication of these proteins in shelterin 10 
functions has been extensively studied, but the functional synergies upon complex formation 11 
remain poorly understood. Telomere repeats induce a subcellular compartments significantly 12 
enriched in shelterin proteins. The local high concentration of shelterin proteins implies that 13 
the description of high affinity interactions is not sufficient to properly understand the 14 
regulatory processes involved in telomere maintenance. It is known that weak-affinity (KD > 15 
10
-4
 M) and transient interactions are equally important than high-affinity interactions (KD < 16 
10
-6
 M) in the regulation of many cellular pathways (6). However, our understanding of these 17 
regulatory processes is limited by our ability to study short-lived interactions. Weak and 18 
transient interactions are particularly difficult to study in multifunctional proteins, which 19 
interact with numerous partners often through a common or similar interface.  20 
TRF2 is a multifunctional protein that prevents Non Homologous End Joining (NHEJ) and 21 
ATM-dependent checkpoint as well as DNA replication (2, 3, 7-9). Moreover, TRF2 binds 22 
several extra-telomeric sites where it regulates gene expression (10, 11). TRF2 is composed 23 
of a TRFH domain involved in homodimer assembly and in recruitment of several proteins 24 
(12-17), and a C-terminal Myb/telobox domain that specifically binds double-stranded DNA 25 
(18, 19). The basic N-terminal region of TRF2 hosts binding sites for several telomere-26 
interacting molecules including the telomeric RNA TERRA, provides a specific ability to 27 
bind Holliday junctions and to protect them from resolvase cleavage, and helps TRF2 to 28 
condense DNA and chromatin (20-24). The long linker of TRF2 contains the binding sites for 29 
the two shelterin proteins RAP1 (Repressor Activator Protein 1) and TIN2 (25, 26). 30 
TRF2/RAP1 complex is involved in NHEJ protection in an in vitro assay (27), but RAP1 31 
deletion does not seem to affect cell viability or telomere protection in vivo (28, 29). 32 
Moreover, ChIP-seq analyses have shown that RAP1 can be found at chromatin sites in the 33 
 4 
absence of TRF2 (30, 31). Cytoplasmic localization of RAP1 has also been reported, as well 1 
as its involvement in NF-B signaling (32, 33). The interaction of RAP1 with TRF2 at 2 
telomeres could therefore correspond to a reservoir of RAP1. However, a recent study shows 3 
that RAP1 can affect TRF2 interaction properties toward duplex DNA (34). In TeloPIN 4 
database (5), TRF2 and RAP1 interact respectively with 247 and 131 partners, among whom 5 
32 are common partners between TRF2, RAP1 and other shelterin proteins, and 12 are 6 
common partners exclusively between TRF2 and RAP1. Therefore, whether or not 7 
TRF2/RAP1 interaction may affect/reinforce their respective properties and how DNA/TRF2 8 
complex recruits its numerous proteins partners compared to RAP1/TRF2/DNA complex 9 
remain to be fully characterized.  10 
In order to address this central question, we initiated a comprehensive study of the parameters 11 
that describe the assembly of TRF2 and RAP1. We analyzed the TRF2/RAP1 complex both 12 
in terms of structure and binding properties. We observed that RAP1 affects TRF2 behavior 13 
in vitro toward particular DNA structures. Through a combination of SAXS, ITC, 14 
crystallography and biochemical approaches, we were able to draw the complete interaction 15 
scheme between the full-length proteins. Finally, we confirmed that a construct of RAP1 16 
deleted for its C-terminal high-affinity binding site is sufficient to modulate TRF2 properties 17 
toward Holliday junction, and observed that the binding properties of TRF2/DNA or of 18 
RAP1/TRF2/DNA toward proteins from HeLa cells nuclear extracts are different. 19 
  20 
 5 
RESULTS 1 
RAP1 affects TRF2 binding properties toward DNA  2 
RAP1 is a key partner of TRF2 and is thus probably implicated in TRF2 multi-functionality. 3 
We addressed the effect of this main partner on TRF2 ability to interact with various DNA 4 
structures. In addition to linear double stranded TTAGGG (T2AG3) DNA, TRF2 recognizes 5 
branched DNA structures like Holliday junctions (HJ), the four-stranded DNA intermediates 6 
of homologous recombination (21). ITC (Isothermal Titration Calorimetry) and EMSA 7 
(Electrophoretic Mobility Shift Assay) experiments confirm that RAP1 does not bind linear 8 
double stranded TTAGGG (T2AG3) DNA, and does not prevent TRF2/DNA or TRF2/HJ 9 
binding (Supplementary Figure 1). Binding of TRF2 on HJ has been shown to protect this 10 
structure against the cleavage of various archetypical resolvases: human GEN1, T7 11 
Endonuclease I, yeast mitochondrial CCEI and the E. coli RusA enzyme. Interestingly, we 12 
observe that RAP1 inhibits TRF2 protection property against these enzymes in a 13 
concentration dependent manner (Figure 1A, Supplementary Figure 2). On the other hand, we 14 
do not observe a direct effect of RAP1 on the resolvases (Figure 1A, Supplementary Figures 2 15 
and 3), nor an increase in cleavage when we used the protection-deficient mutant of TRF2, 16 
TRF2
B
, deleted for the N-terminus B-domain (Supplementary Figure 3) (21). These results 17 
suggest that this “recovery” of resolvase activity is not caused by a RAP1-dependent increase 18 
in the enzymes activity but rather by a decrease in TRF2-dependent protection. This effect of 19 
RAP1 was not expected since TRF2 HJ protection originates from the binding of the N-20 
terminal basic domain of TRF2 on the center of the HJ (21), and the known RAP1 Binding 21 
Motif (TRF2-RBM) is located at residue 275-316 (25). Intriguingly, when we use a TRF2 22 
mutant lacking the whole linker (or hinge) domain and thus the TRF2-RBM (TRF2
L
, Figure 23 
1B), we still observe this RAP1 effect of “anti-protection” for CCE1 and RusA, although 24 
higher concentration of RAP1 would be needed (Figure 1C). Therefore, we conclude that 25 
RAP1 does not directly interact with DNA as linear double stranded form or as HJ, and does 26 
not modify the capacity of TRF2 to interact with linear or branched DNA. But interestingly, 27 
the presence of RAP1 prevents TRF2 protection of HJ independently of the presence of 28 
TRF2-RBM.  29 
In addition to its ability to bind particular DNA structures, TRF2 has been shown to condense 30 
linear DNA by promoting positive supercoils in the bound DNA (24, 35). As previously 31 
described (24), we drew 2D-probability maps giving the probability of any TRF2/DNA 32 
complex to exhibit a given volume in nm
3
 for a given contour length in nm as measured by 33 
 6 
Atomic Force Microscopy (AFM). As previously observed (24), TRF2 shortens DNA and 1 
drives the formation of complexes that become more and more condensed when the quantity 2 
of TRF2 increases (Figure 1D, top). In the presence of a small excess of full-length RAP1, 3 
DNA is still condensed in the complex compared to unbound DNA, but the highly condensed 4 
complexes largely disappear (Figure 1D, middle). Interestingly, the use of the known RAP1 5 
C-terminal TRF2 high-affinity binding domain (RAP1-RCT) instead of full-length RAP1 6 
leads to an increased condensation of DNA (Figure 1D, bottom). Therefore, RAP1 does not 7 
prevent TRF2 to condense linear DNA, but alters the level of condensation by blocking high 8 
degrees of oligomerization in the TRF2/DNA complexes. But interestingly, RAP1-RCT 9 
domain, which tightly binds TRF2, is not sufficient to block this oligomerization.  10 
Altogether, these data show that RAP1 does not prevent TRF2 interaction with linear or 11 
branched DNA, but it clearly alters some of the properties of TRF2 toward DNA in particular 12 
by relieving the protective action of TRF2 on HJ cleavage by resolvase enzymes. Strikingly, 13 
this effect of RAP1 is maintained despite the deletion of the high affinity RAP1-RCT binding-14 
site of TRF2. In the same way, the isolated RAP1-RCT domain, which contains the high 15 
affinity TRF2 binding-site, is not sufficient to prevent TRF2 to form highly condensed 16 
complexes with linear DNA. Therefore, these properties of RAP1 necessarily involve 17 
additional regions than the described TRF2 high affinity binding area.  18 
Interaction of RAP1 with TRF2 is associated to conformational adjustment 19 
The effect of RAP1 on TRF2 properties toward DNA raised questions on the structure of the 20 
TRF2/RAP1 complex. In particular, we wanted to investigate whether the modified behavior 21 
of TRF2 in the presence of RAP1 resulted from a conformational adjustment. 22 
TRF2 and RAP1 are each made of globular domains linked by long unstructured regions, 23 
suggesting a high flexibility of the molecules (Figure 2A), not compatible with X-ray 24 
crystallography or electron microscopy approach, and the size of the complex (around 200 25 
kDa) is not compatible with an NMR study. On the opposite, Small Angle X-ray Scattering 26 
(SAXS) analysis is particularly appropriate to gain information about the average 27 
conformation of proteins and their assembly in solution (36). After careful control of the high 28 
purity level (>95%), and structural integrity of our tag-free samples (Supplementary Figure 29 
4), we collected SAXS curves on SWING beamline at SOLEIL synchrotron, using the online 30 
HPLC to avoid any sample aggregation and calculated ab initio envelopes for each of the 31 
isolated full length TRF2, full length RAP1 and RAP1/TRF2 complex, a RAP1-RCT 32 
construct containing residues 270-399, and RAP1-RCT/TRF2 complexes. The experimental 33 
 7 
molecular weight derived from the SAXS curves revealed that TRF2 is dimer, RAP1 is 1 
monomer and that RAP1/TRF2 contains one TRF2 dimer and two RAP1 monomers (Figure 2 
2B). The p(R) functions and normalized Kratky plots (37) show that proteins alone or in 3 
complex behave as elongated molecules and adopt pearls necklace like conformation 4 
(Supplementary Figure 5). 5 
TRF2 dimer is highly extended with a high degree of flexibility and a distance between the 6 
Myb DNA-binding domains of each monomer that can reach 230 Å (Figure 2C). TRF2, 7 
TRF2/RAP1 and TRF2/RAP1-RCT complexes both display a pseudo two-fold symmetry 8 
although no symmetry constraint was used during calculation process (Figures 2E and 9 
Supplementary 5G). In the case of the short construct RAP1-RCT, the complex formed with 10 
TRF2 does not involve particular conformational adjustment (Supplementary Figure 6A). On 11 
the contrary, the superimposition of TRF2 and RAP1/TRF2 envelopes shows a spreading for 12 
the complex compared to TRF2 alone, in agreement with the increased value of Dmax 13 
between the two p(R) functions (Supplementary Figure 6B). In addition, the shape of 14 
RAP1/TRF2 envelope is not compatible with a complete superimposition with TRF2 15 
envelope and two RAP1 envelopes (Supplementary Figures 6C and 6D). Therefore, the 16 
formation of TRF2/RAP1 complex involves a major conformational adjustment of both 17 
proteins.  18 
In order to further characterize and quantify TRF2/RAP1 mode of assembly, we measured the 19 
interaction between full-length RAP1 and TRF2 by ITC. As compare to previous studies (34, 20 
Supplementary Figure 7A), in our condition we were able to observe a reproducible biphasic 21 
isotherm. The nonlinear least squares fit of the data to a two-independent sites binding model 22 
gives a dissociation constant of less than 1 nM for the high affinity signal, and a dissociation 23 
constant of 0.5 M for the lower affinity signal (Figure 2F). The high affinity signal observed 24 
in the biphasic curve of the full-length proteins is equivalent to the one measured between 25 
RAP1-RCT and TRF2 (Figure 2G), suggesting that it corresponds to the known interaction 26 
between RAP1-RCT and TRF2-RBM (25). The presence of a second signal also suggests that 27 
the interaction between RAP1 and TRF2 full length involves additional regions from both 28 
partners than the previously described RAP1-RCT and TRF2-RBM domains (25). 29 
Complete interaction of RAP1 with TRF2 extends from BRCT to C-terminal domain 30 
Previous structural studies have shown that TRF2 dimerization domain (TRFH) specifically 31 
interacts with proteins containing the consensus sequence YxLxP (17, 25). This motif belongs 32 
 8 
to numerous TRF2 partners among which the protein Apollo. Indeed a peptide containing the 1 




), interacts with the TRFH 2 
domain with an affinity of 120 nM (15, 17), or 59 nM in our hands (Supplementary Figure 3 




, located at the C-4 




 (RAP1-YLP) interacts with TRFH with a dissociation constant 6 
of 13.0 µM (Supplementary Figure 7C). In order to delineate the structural determinants of 7 
this interaction we solved the crystal structure of the RAP1-YLP/TRFH complex at 2.4Å 8 
resolution (Figure 3A). The superimposition of our structure with this of TRFH in complex 9 
with the Apollo-YLP peptide (PDB entry 3BUA, 15) shows that the structures are similar, 10 
although the N-terminal part of Apollo-YLP and RAP1-YLP peptides are oriented in opposite 11 
directions (Figure 3B). In the case of the Apollo peptide, substitution of Tyr, Leu or Pro into 12 
Ala affects the interaction with the TRFH domain, although the effect was not equivalent for 13 








 in RAP1 full length 14 
and, after checking its structural integrity by circular dichroism (Supplementary Figure 4C-E), 15 
we measured its interaction with TRF2. The high affinity ITC transition is maintained with 16 
the same dissociation constant than for wild-type RAP1, but the low affinity signal becomes 17 
not significant (Figure 3C), as in the case of RAP1-RCT (Figure 2G). Altogether, our data 18 
indicate that the sequence YRLGP from RAP1 interacts with the TRFH domain, is essential 19 
for the secondary interaction to occur with TRF2, and is necessary for a complete interaction 20 
of RAP1 with TRF2, although the residual secondary signal suggests that additional region 21 
may participate.  22 
RAP1 stretches along TRF2 dimerization domain  23 
In order to recover the protein surfaces involved in TRF2/RAP1 assembly, we performed 24 
protein footprinting using in vitro lysine acetylation by N-hydroxysulfosuccinimide acetate. 25 
This compound can acetylate lysines that are solvent-accessible but neither those buried in the 26 
structure nor those protected by interactions with another molecule. Through analysis of 27 
acetylation profiles using mass spectrometry, it is thus possible to determine which lysines are 28 
protected/buried in a protein. TRF2 and RAP1 contain respectively 44 and 25 lysines among 29 
which we observed acetylation for 24 lysines from TRF2 and 14 from RAP1 (Supplementary 30 
Figures 8 and 9).  We compared the lysine acetylation profiles of TRF2, RAP1 and RAP1-31 
ARAGA alone, from these of TRF2/RAP1 and TRF2/RAP1-ARAGA complexes. The 32 
comparison of lysine acetylation profiles between protein alone or in complex highlights 33 
 9 
various lysine populations that are: 1) acetylated in all conditions, indicating constantly 1 
accessible regions that are therefore not involved in the interactions; 2) acetylated in the 2 
proteins alone and not in the complex with RAP1 wild type or with RAP1-ARAGA, 3 
indicating regions that participate in the interaction; or 3) acetylated in the proteins alone and 4 
in the complex with RAP1-ARAGA but not with wild-type RAP1, showing that the mutation 5 
ARAGA affects the interaction in this region; 4) not acetylated in the proteins alone and 6 
acetylated in either both complexes or in TRF2/RAP1 complex only, pointing regions that 7 
become accessible upon complex formation, probably due to an opening of the corresponding 8 
region (Supplementary information, Supplementary Figure 8 and 9). Taken together, the 9 
modifications in acetylation profiles allowed us to map the region of TRFH domain and 10 
RAP1 N-terminal region involved or not in TRF2/RAP1 complex and affected or not by the 11 
ARAGA mutation (Figure 4A and B, and supplementary figure 10) 12 
Altogether, our results not only confirm the interaction of the N-terminal moiety of RAP1 13 
with TRFH, but also enable us to draw an interaction path along TRFH and RAP1-Nter, and 14 
to propose an interaction scheme (Figure 4C, and supplementary video). When the TRFH 15 
dimer is oriented with the inner side on top, RAP1 interaction path goes through the area 16 
facing us of the right monomer, the symmetrical surface still being accessible for the binding 17 
of a second RAP1 molecule without any steric hindrance, and ends at both the N- and C-18 
terminal ends at the bottom of the TRFH domain (Figure 4C, left). Interestingly, the location 19 
of the YxLxP peptide at one extremity of RAP1 BRCT domain implies that RAP1/TRF2 20 
assembly induces a dimerization of the BRCT domain (Figure 4C, right). Therefore, RAP1 21 
complete interaction with TRF2 anchors both at the C-terminal domain and at the YxLxP 22 
sequence from the BRCT domain, and involves large additional regions from both proteins. 23 
Conservation analysis of TRF2 and RAP1 among vertebrates shows that the region of the 24 
TRFH domain from TRF2 that binds the motif YxLxP is highly conserved in agreement with 25 
its known crucial implication in TRF2 function (Figure 4D, left). In the case of RAP1, the 26 
surface from the N-terminal moiety involved in the interaction with TRFH domain from 27 
TRF2 is also highly conserved, suggesting that this interaction is also important for RAP1 28 
function among vertebrates (Figure 4D, right). 29 
Effect of Rap1[1-208] on TRF2 HJ protection 30 
Acetylation profile shows that both RAP1-wt and RAP1-ARAGA protects acetylation of 31 
lysines located near the N-terminal and region of TRF2: Lys58, Lys93, Lys242 and Lys245. 32 
On the contrary, RAP1-wt protects Lys184 and Lys190 but RAP1-ARAGA does not (Figure 33 
 10 
4A and 4C, left). It has been previously observed that the HJ protection involves the N-1 
terminal region of TRF2 (21), located close to the region protected both by RAP1-wt and by 2 
RAP1-ARAGA, but on the opposite side than the region that binds YxLxP from RAP1 or 3 
than the region protected by RAP1-wt only. We therefore expect that HJ protection by TRF2 4 
should be affected in the same way by RAP1 or by RAP1-ARAGA. On the contrary, we 5 
expect that a construct of RAP1 lacking the high-affinity C-terminal TRF2 binding site should 6 
have similar effect on HJ protection by TRF2 than this observed with RAP1 on TRF2 ∆L. We 7 
therefore tested the effect of RAP1-ARAGA and of RAP1[1-208] on HJ protection by TRF2. 8 
We observed that RAP1-ARAGA affects TRF2 HJ protection in a similar manner than RAP1-9 
wt. Furthermore, the effect RAP1[1-208] on TRF2 HJ protection is similar to this observed 10 
with RAP1 full length on TRF2∆L mutant, higher quantity of RAP1[1-208] are necessary 11 
(Figure 5A) in the same way than higher quantity of RAP1 was necessary with TRF2∆L 12 
(Figure 1B and AC). Therefore, the interaction of RAP1[1-208] with a region of TRF2 13 
located at the bottom of the TRFH domain near the N-terminal region directly affects the 14 
property of TRF2 to protect HJ from resolvase. We conclude that this particular region is 15 
involved in HJ protection by TRF2 (Figure 4C). 16 
Protein binding properties of TRF2 versus TRF2/RAP1 17 
The partial overlap between RAP1-YLP and Apollo-YLP binding sites on the TRFH domain 18 
raises the question of a possible competition between both proteins for TRF2 binding. The 19 
strong difference in affinities for TRFH domain exhibited by RAP1-YLP and Apollo-YLP (13 20 
µM versus 59 nM respectively) suggests that Apollo-YLP should be able to interact with 21 
TRF2 in the presence of RAP1. On the other hand, the high-affinity provided by the RAP1-22 
RCT/ TRF2-RBM anchor (1 nM) brings the two molecules together thus increasing local 23 
concentration of the RAP-YLP. To choose between these two hypotheses, we measured both 24 
interactions of the Apollo-YLP peptide on a pre-formed TRF2-RAP1 complex and of RAP1 25 
on a pre-formed TRF2/Apollo-YLP peptide complex (Supplementary Figure 7C-7E). In the 26 
first case, we observed a binding of the Apollo-YLP peptide with an affinity of 47 nM, similar 27 
to this of 46 nM obtained in the absence of RAP1. In the case of pre-formed TRF2/Apollo-28 
YLP complex, we still observed a biphasic isotherm, although the low affinity signal was too 29 
low to be quantified. This suggests that the formation of RAP1/TRF2 complex does not affect 30 
TRF2 binding properties toward Apollo protein, in agreement with the in vivo described 31 
capacity of Apollo to interact with TRF2 in the presence of RAP1 (13).  32 
 11 
In order to verify on a general basis how the presence of RAP1 may affect or not the 1 
interaction between TRF2 and other protein partners, we designed an original streptavidin-2 
DNA pull down experiment, using a biotinylated (T2AG3)2 oligo-nucleotide immobilized on a 3 
streptavidin column. After saturation of the column with TRF2, TRF2/RAP1 or TRF2/RAP1-4 
ARAGA, we injected HeLa cells nuclear extract, and compared both chromatography elution 5 
and SDS-PAGE profiles. We first observe that the chromatography elution profiles are 6 
different in the case of TRF2, TRF2/RAP1 and TRF2/RAP1-ARAGA (Supplementary Figure 7 
12). We performed our comparison on the region of the gel corresponding to molecular 8 
weight higher than this of TRF2 or RAP1 in order to avoid contamination with degradation 9 
products of TRF2, RAP1 or RAP1-ARAGA. We first observed that a large number of 10 
proteins are retained by TRF2, TRF2/RAP1 or TRF2/RAP1-ARAGA (lanes 5, 8 and 11 11 
respectively in Figure 5B). Our comparison focuses on the presence or absence of specific 12 
bands, and not of their intensity, which would not be significant enough. We observed that the 13 
presence of RAP1 or RAP1-ARAGA is associated with supplementary bands compared to 14 
TRF2 alone, which agrees with TeloPIN. Interestingly, we also observed that the SDS-PAGE 15 
patterns are different between TRF2, TRF2/RAP1 and TRF2/RAP1-ARAGA (lanes 5, 8 and 16 
11 in Figure 5B). Therefore, the binding properties of TRF2, TRF2/RAP1 or TRF2/RAP1-17 
ARAGA, loaded on (T2AG3)2 oligonucleotide, are all different from each other. We conclude 18 
that the mutation of the YxLxP motif associated to the complete interaction of RAP1 with 19 
TRF2 dimerization domain directly affects the binding properties of the assembly formed 20 
with TRF2. 21 
  22 
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DISCUSSION 1 
Our comprehensive study of TRF2, RAP1 and the effect of RAP1/TRF2 complex formation 2 
on their conformation and interaction properties reveal new elements that strongly deepen our 3 
knowledge of these two proteins and their inter-relation. We first observed that RAP1 affects 4 
both the ability of TRF2 to form condensed multimeric complexes with DNA and to protect 5 
Holliday junction from resolvases (Figure 1), that the formation of TRF2/RAP1 assembly is 6 
more complex than the known RAP1-RCT/TRF2-RBM interaction (15), and that the 7 
assembled molecules form a distinct entity. The combination of SAXS and ITC analysis 8 
confirms that the formation of TRF2/RAP1 complex involves a profound conformational 9 
adjustment (SAXS), associated with a two-transition mode of interaction (ITC) (Figure 2). 10 
Moreover, the isolated RAP1-RCT domain is not sufficient to induce a conformational 11 
adjustment, or a secondary ITC signal (Figure 2, Supplementary Figure 5G). A YXLXP motif, 12 
specific for the interaction with the TRF2 dimerization domain, TRFH (14), is located at the 13 
C-terminus of the BRCT domain at position 99-103. The crystal structure of TRFH in 14 
complex with RAP1 peptide containing the YXLXP motif show that the molecular 15 
determinants of the interaction involve the YXLXP motif and is similar to that previously 16 
observed between TRFH and Apollo-YLP peptide (Figure 3A-C). Moreover, the similar ITC 17 
interaction profiles between TRF2 and RAP1-ARAGA (Figure 3C) and between the pre-18 
formed TRF2/Apollo-YLP complex and RAP1 (Supplementary Figure 6F) show that the 19 
Apollo-YLP peptide compete with RAP1 for binding on TRF2 TRFH domain and that this 20 
competition is centered on the YXLXP site. The residual secondary signal in both case also 21 
suggests that additional region of RAP1 are involved in the secondary binding site (Figure 3C 22 
and Supplementary figure 6F). Protein footprinting experiments allowed us to fulfill the 23 
TRF2/RAP1 interaction scheme and to draw a model of TRFH/RAP1 N-terminus complex. In 24 
this model, the N-terminus moiety of RAP1 follows one face of the TRFH domain, interacts 25 
through YXLXP sequence in the inner part of the TRFH, and ends at the external side of the 26 
domain (Figure 4C, left). Looking from the top of the TRFH, we observe that the interaction 27 
of the N-terminal region of RAP1 induces an unexpected dimerization of the BRCT domain 28 
(Figure 4C, right). The high conservation among vertebrates of the YLP binding site of TRF2 29 
and of the surface of RAP1 involved in the secondary interaction also reveals that this 30 
secondary interaction of RAP1 and the capacity of TRF2 to interact with YLP motif 31 
containing proteins are of equal importance. 32 
 13 
The similar ITC interaction profiles between TRF2 and Apollo-YLP and between the 1 
preformed TRF2/RAP1 complex and Apollo-YLP also suggests that RAP1 interaction may 2 
probably not hinder Apollo interaction (Supplementary Figure 7C and 7D). Similar analysis 3 
could apply to SLX4, which contains a TRFH binding motif (RGLEVHRLAPW), is associated 4 
to a dissociation constant of 750 nM with TRF2, and adopts the same conformation than 5 
Apollo-YLP peptide in complex with TRFH (PDB entry 4M7C, 15). In TRF1 dimerization 6 





, specific for TRF1 dimerization domain, interacts 8 
in vitro with TRF2 TRFH with a dissociation constant of 6 µM (15), in the same order of 9 
magnitude than this of RAP1-YLP peptide on TRF2 (13 µM). The variable affinity measured 10 
for the YXLXP-containing peptides suggests that RAP1 secondary interaction might 1/ 11 
impede inappropriate binding on the TRFH of TRF2 (in case of low affinity binding like for 12 
TIN2); 2/ vary depending on the chemical environment. In this way, our streptavidin-DNA 13 
pull down reveals that, when bound to a (T2AG3)2 oligonucleotide, TRF2, TRF2/RAP1 or 14 
TRF2/RAP1-ARAGA do not retain the same proteins from a HeLa nuclear extract. In 15 
particular, the capacity of RAP1 to form or not a complete interaction with TRF2 through the 16 
YXLXP motif is associated with different binding properties (Figure 5B). 17 
Based on our results, we propose an overall scheme of the formation of the TRF2/RAP1 18 
complex and the possible effect on their binding properties (Figure 6). In the absence of 19 
RAP1, TRF2 interacts with multiple partners, with no site discrimination in the case of TIN2 20 
(Figure 6, left). The RAP1/TRF2 complex can adopt alternative open or closed conformation 21 
depending on the presence or absence of TRFH high-affinity YxLxP-containing protein 22 
partners (such as Apollo or SLX4) that compete with RAP1 N-terminal region, or depending 23 
on the chemical environment that may favor or not secondary interaction (Figure 6, right). 24 
TRF2/RAP1 closed conformation inhibits additional illicit interaction with TRFH (such as the 25 
one with TIN2), induces RAP1 BRCT domain dimerization (Figure 4C), and forms a new 26 
entity that may interact with other specific telomeric or non-telomeric partners, whereas 27 
TRF2/RAP1 open conformation has different binding properties (Figure 6). Of note, TRF2 28 
alone, RAP1 alone and closed TRF2/RAP1 models are in agreement with our SAXS results. 29 
The open form of TRF2/RAP1 model was extrapolated from the ITC and streptavidin-DNA 30 
pull down experiments. Can this scheme of interaction explain the effect of RAP1 on the 31 
intrinsic properties of TRF2? 32 
 14 
We have seen that RAP1 does not modify TRF2 property to condense DNA (Figure 1), but it 1 
does affect the oligomerization level that we observed in AFM experiments. This is a 2 
consequence of the complete RAP1 interaction since RAP1-RCT alone is not able to do so. 3 
The mechanism behind could involve steric hindrance or hiding of an oligomerization-prone 4 
domain of TRF2, located at or close to the TRFH domain. Moreover, how RAP1 affects the 5 
basic domain-dependent ability of TRF2 to protect HJ against resolvases remains to be 6 
elucidated. However, our data show that the interaction of RAP1 with the region of the TRFH 7 
domain of TRF2 is part of the mechanism behind the alteration in the protection of HJ against 8 
resolvases. 9 
Our data not only show that RAP1 affects TRF2 conformation and function but also that 10 
TRF2 deeply affects RAP1 conformation. The induced dimerization of RAP1 BRCT domain 11 
upon full interaction with TRF2 is of particular interest (Figure 4C, right). The lysine 12 
acetylation profile of RAP1-ARAGA in the footprinting experiments shows that mutation of 13 
the YxLxP motif affects RAP1 interaction with TRFH, and particularly the induced 14 
dimerization of the BRCT domain. In addition, the streptavidin-DNA pull down shows that 15 
the capacity of RAP1 to form a complete interaction with TRF2 or not is associated with 16 
different binding properties. This provides both a clue about the functional role of RAP1 17 
BRCT domain, and an explanation of the high conservation of this domain among Rap1 18 
proteins from yeast to human. Indeed, BRCT domains are found in a wide array of 19 
prokaryotic and eukaryotic proteins. In human, at least 23 genes coding for proteins with 20 
BRCT domains have been listed, most of them implicated in DNA damage response. The 21 
induced dimerization mimics a BRCT tandem, known for its propensity to interact with 22 
phosphorylated proteins (38). The induced dimerization of RAP1 BRCT upon interaction with 23 
TRF2 suggests that RAP1 functions could be quite different whether RAP1 co-localizes with 24 
TRF2 or not.  25 
Altogether, our data indicate that formation of the TRF2/RAP1 complex needs the presence of 26 
several domains of the proteins. Importantly, we show that the TRF2/RAP1 complex forms a 27 
structural entity with different competences than individual TRF2 and RAP1. We have shown 28 
that the available accessible surface of TRF2 or TRF2/RAP1 determines binding preferences 29 
for other partners of TRF2. Determining which proteins is more specific for TRF2 or for 30 
TRF2/RAP1 should provide a key to the regulation of TRF2 and RAP1 functions. In a general 31 
manner, one should consider TRF2, RAP1 and TRF2/RAP1 as three distinct, although related, 32 
entities.  33 
 15 
METHODS 1 
Protein constructs used in this study 2 
See Supplementary Table 1 for a complete list of the constructs used in this study. 3 
HJ protection 4 
5 nM of tHJ labelled on one strand was incubated with different concentrations of proteins in 5 
10 µl of binding buffer containing 10 mM MgAc2 and digested for 60 min using 2 nM of T7 6 
Endonuclease I, MBP-CceI and MBP-RusA or 50 nM of GEN1
1-527
. Reactions were 7 
performed at 4°C for Endo I or 37°C for MBP-CceI, MBP-RusA and GEN1
1-527
. The reaction 8 
was stopped by addition of 6 µg of proteinase K followed by 20 min incubation at 4°C or 15 9 
min at 37°C. Formamide was added to a final concentration of 60% (v/v) and the samples 10 
loaded on a 10 % denaturing acrylamide (19:1, bis:mono) 1xTBE gel. After migration in 11 
1xTBE, gels were analysed using a Phosphorimager TyphoonFLA9000 (GE Healthcare) and 12 
the Image Quant software (GE Healthcare). 13 
EMSA 14 
Proteins were incubated 15 min a 4°C with 5 nM DNA in 10 µL of 20 mM Tris-Acetate pH8, 15 
0.1 mg ml
-1
 BSA, 1 mM DTT, 50 mM KAc, 30 mM NaCl, 5% (v/v) glycerol (binding buffer). 16 
Gel electrophoresis was performed as published (34) and gels were analysed as above. 17 
AFM  18 
50 nM of TRF2 dimer and either 100 nM of full length Rap1 or Rap1-RCT were pre-19 
incubated at 0°C for 15 min in the binding buffer (150 mM KCl, 5 mM HEPES pH 7.4).  20 
DNA (final concentration 10 nM) was then incubated with a 1:1 molar ratio of TRF2 with the 21 
preincubated proteins for 20 min at 25°C in the same binding buffer. Samples were 22 
crosslinked with glutaraldehyde (0.1% final) for 30 min on ice and applied on freshly cleaved 23 
mica surfaces treated with 10 mM MgCl2. After 2 min, mica was washed with 1 ml of 24 
deionized water and dried with a gentle flux of nitrogen. Imaging was performed on a 25 
Nanoscope IIIa equipped with E-scanner (Digital Instruments Inc., Santa Barbara, CA, USA), 26 
in air under Tapping Mode using silicon tips. Images were recorded at 1.5–2.0 Hz over scan 27 
areas 1 μm wide (512×512 pixels). Raw scanning force microscopy images were flattened 28 
using the manufacturer's software and converted into TIF files. Contour lengths (CLs) were 29 
measured by the read-through length method using SigmaScan Pro software (SPSS Inc., 30 
Chicago, IL, USA). Volumes calculated as half-ellipsoids as published (35). Between 150 and 31 
 16 
250 objects were scored for each condition. The 2D probability density map is a smoothed 1 
distribution that represents the convolution of the experimental distribution with a s1 x s2 2 
gaussian pulse. To construct the 2D map, each protein/DNA complex with a raw DNA length 3 
Lraw and a complex volume Volcomplex contributes as gaussian distribution of respectively s1 4 
and s2 width in Lraw and Volcomplex directions. Each pixel of the 2D map is the sum of the 5 
various gaussian contributions from the experimental data points. The resulting 2D map 6 
represents a 100 by 100 pixel image of the probability to find a protein/DNA complex with 7 
given raw DNA length and complex volume, the intensity of each pixel is given by the 8 
associated probability density color scale. 9 
Protein expression and purification 10 
Protocols are detailed in supplementary information. 11 
SAXS  12 
SAXS experiments were performed at SWING beamline, synchrotron SOLEIL.  TRF2, RAP1 13 
and RAP1-RCT were set in the buffer containing 20 mM Tris pH = 7.5, 150 mM NaCl, 5 mM 14 
2-mercaptoethanol and 0.2 mM PMSF. TRF2 was concentrated to 215 µM (monomers), 15 
RAP1 to 326.7 µM, RAP1-RCT to 1015.7µM, TRF2 and RAP1 were mixed to 120 and 16 
144µM respectively, and TRF2 and RAP1-RCT were mixed to 171.5 and 205.8 µM 17 
respectively. All data were collected at SWING beamline at SOLEIL synchrotron using either 18 
the sample changer (RAP1 full-length), or using the online HPLC system (39), equipped with 19 
a BIO-SEC3 column (Agilent) for all other proteins or complexes. After data collection, all 20 
leftovers from these preparations were analyzed by SDS-PAGE to ensure no degradation 21 
occurred during the experiments. The detailed analysis of the data is described in 22 
supplementary data. 23 
Crystallization, and structure determination 24 





were obtained by hanging drop vapor diffusion at room temperature, with a concentration of 26 
TRFH of 34 mg/ml and a molar ratio of TRFH//Rap1-YLP of 1:3.5 in a buffer containing 27 
12.5mM Tris pH 8.0, 100mM NaCl and DTT 2.5mM. The most suitable crystals grew in 16% 28 
PEGmme 550, 50mM Hepes pH 8.0, 5mM MgCl2, 5mM DTT. Native diffraction data were 29 
collected on PX1 beamline at SOLEIL synchrotron, and reduced with XDS (40). The 30 
structure was solved by molecular replacement with PHASER (41), using one TRFH 31 
monomer from 3BUA pdb entry as model probe (14), and refined with BUSTER5 (42).  32 
 17 
Protein footprinting and Mass spectrometry analysis  1 
The setup of protein footprinting protocols and mass spectrometry analysis are detailed in 2 
supplementary informations.  3 
ITC 4 
Molecular interactions (see Supplementary Table 2) were investigated by Isothermal Titration 5 
Calorimetry using a VP-ITC and an iTC200 instruments (GE Healthcare). The solutions were 6 
degassed prior to use, at the same temperature as those used in the experiments. Integration of 7 
the peaks corresponding to each injection, correction for the baseline, and the fit were done 8 
using Origin-based software provided by the manufacturer and enabled to calculate the 9 
equilibrium dissociation constants of the interactions presented in this study. The 10 
experimental conditions of all ITC experiments are indicated in Supplementary Table 2. 11 
Blank experiments (heats of dilution from titrants into buffer) were also performed. 12 
SEC-MALS 13 
TRF2 protein at a concentration of 100 μM (in a buffer containing 50 mM Tris, pH 7.5, 150 14 
mM NaCl, 10 mM 2-mercaptoethanol) was applied to Bio SEC-3 column (Agilent) on a 15 
HPLC Shimadzu system coupled to MALS/QELS/UV/RI (Wyatt Technology). Data were 16 
analysed using ASTRA software after calibration with a bovine serum albumin standard.  17 
Cell culture 18 
HeLa cells were kindly provided by Dr Carl Mann (I2BC), and grown in 15-cm dishes in 19 
DMEM medium supplemented with 10 % v/v fetal bovine serum and a mix of penicillin and 20 
streptomycin to prevent bacterial contamination. Cells were amplified to 30 15-cm dishes at 21 
80-90 % confluence, and finally harvested by scraping in cold PBS just prior to the 22 
preparation of nuclear extracts. 23 
Preparation of nuclear extracts 24 
Nuclear extracts were prepared following the protocol described in (43), with minor 25 
modifications detailed in supplementary informations. 26 
Streptavidin-DNA pull down experiments 27 
The following oligonucleotides were annealed to make a biotinylated duplex DNA molecule 28 
displaying a TRF2 binding site (two tandem TAGGG motifs): biotin-5’-29 
TACTAGGGTTAGGGTTAGCA-3’ and complementary 5’-30 
 18 
ATGCTAACCCTAACCCTAGT-3’ yielding a single base 5’-overhang at each end. 9 nmoles 1 
of biotinylated DNA were loaded at 0.1 mL/min on a HiTrap Streptavidin HP 1 mL column 2 
(GE Healthcare) first equilibrated in binding buffer (Tris-HCl 20 mM pH=7.5; NaCl 150 mM; 3 
2-mercaptoethanol 5 mM; EDTA 0.2 mM; PMSF 0.1 mM). A peak in A260 indicated that the 4 
column was loaded with a saturating amount of biotinylated DNA. The column was then 5 
loaded at 0.2 mL/min with either TRF2, preformed TRF2/RAP1 complex, preformed 6 
TRF2/RAP1-ARAGA complex, or nothing (control experiment) and washed with binding 7 
buffer until A280 returned to a flat baseline. In each case, non-zero A280 of the flow through 8 
indicated that the column was loaded with a saturating amount of protein. 490 µg of nuclear 9 
extracts were loaded at 0.2 mL/min on the column. When A280 returned to a flat baseline, 10 
bound proteins were eluted at 0.5 mL/min with elution buffer (same as binding buffer except 11 
NaCl 1 M). Between each experiment, the column was washed with elution buffer until A280 12 
returned to a flat baseline, and equilibrated again in binding buffer. Eluted samples were 13 
analyzed by SDS-PAGE. 14 
Model building and conservation analysis 15 
The BRCT domain of RAP1 was modeled using MODELLER software (44) and the structure 16 
BRCT domain of Rap1 from S. cerevisiae (45, entry 2L42). The resulting model and Myb 17 
domain of RAP1 (46) were then manually positioned along the TRFH domain of TRF2 with 18 
Pymol (47) based on the TRFH/RAP1-peptide crystal structure and the protein footprinting 19 
results. Conservation analysis was performed with CONSURF software (48) using 14 20 
sequences for both TRF2 and RAP1 from the same species of vertebrates.  21 
  22 
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RAP1-YLP: RAP1 peptide containing the sequence YXLXP 1 
Apollo-YLP: Apollo peptide containing the sequence YXLXP 2 




  7 
 21 
References : 1 
1- Liu D, O'Connor MS, Qin J, Songyang Z (2004) Telosome, a mammalian telomere-2 
associated complex formed by multiple telomeric proteins. J Biol Chem 279: 51338-51342 3 
2- de Lange T (2005) Shelterin: the protein complex that shapes and safeguards human 4 
telomeres. Genes Dev 19: 2100-2110 5 
3- Songyang Z, Liu D (2006) Inside the mammalian telomere interactome: regulation and 6 
regulatory activities of telomeres. Crit Rev Eukaryot Gene Expr 16: 103-18 7 
4- Giraud-Panis M-J, Pisano S, Benarroch-Popivker D, Pei B, Le Du M-H, Gilson E (2013) 8 
One identity or more for telomeres? Front. Oncol 3: 48 9 
5- Luo Z, Dai Z, Xie X, Feng X, Liu D, Songyang Z, Xiong Y (2015) TeloPIN: a database of 10 
telomeric proteins interaction network in mammalian cells. Database (Oxford) 11 
6- Qin, J. and Gronenborn, A.M. (2014) Weak protein complexes: challenges to study but 12 
essential for life. FEBS Journal, 281, 1948-1949 13 
7- Gilson E, Géli V (2007) How telomeres are replicated. Nature reviews. Mol Cell Biol 8: 14 
825–838 15 
8- Verdun RE, Karlseder J (2007) Replication and protection of telomeres. Nature 447: 924–16 
931 17 
9- Ye J, Lenain C, Bauwens S, Rizzo A, Saint-Léger A, Poulet A, Benarroch D, Magdinier F, 18 
Morere J, Amiard S, Verhoeyen E, Britton S, Calsou P, Salles B, Bizard A, Nadal M, Salvati 19 
E, Sabatier L, Wu Y, Biroccio A, Londoño-Vallejo A, Giraud-Panis MJ, Gilson E (2010) 20 
TRF2 and apollo cooperate with topoisomerase 2alpha to protect human telomeres from 21 
replicative damage. Cell 142: 230-242 22 
10- Biroccio A, Cherfils-Vicini J, Augereau A, Pinte S, Bauwens S, Ye J, Simonet T, Horard 23 
B, Jamet K, Cervera L, Mendez-Bermudez A, Poncet D, Grataroli R, de Rodenbeeke CT, 24 
Salvati E, Rizzo A, Zizza P, Ricoul M, Cognet C, Kuilman T, Duret H, Lépinasse F, Marvel J, 25 
Verhoeyen E, Cosset FL, Peeper D, Smyth MJ, Londoño-Vallejo A, Sabatier L, Picco V, 26 
Pages G, Scoazec JY, Stoppacciaro A, Leonetti C, Vivier E, Gilson E (2013) TRF2 inhibits a 27 
cell-extrinsic pathway through which natural killer cells eliminate cancer cells. Nat Cell Biol 28 
15: 818-828 29 
 22 
11- Ye J, Renault VM, Jamet K, Gilson E (2014) Transcriptional outcome of telomere 1 
signalling. Nat Rev Genet 15: 491-503 2 
12- Lenain C, Bauwens S, Amiard S, Brunori M, Giraud-Panis MJ, Gilson E (2006) The 3 
Apollo 5' exonuclease functions together with TRF2 to protect telomeres from DNA repair. 4 
Curr Biol 16: 1303-1310 5 
13- van Overbeek M, de Lange T (2006) Apollo, an Artemis-Related Nuclease, Interacts with 6 
TRF2 and Protects Human Telomeres in S Phase. Current Biology 16: 1295-1302 7 
14- Fairall L, Chapman L, Moss H, de Lange T, Rhodes D (2001) Structure of the 8 
dimerization domain of the human telomeric proteins TRF1 and TRF2. Mol Cell 8: 351-361 9 
15- Chen Y, Yang Y, van Overbeek M, Donigian JR, Baciu P, de Lange T, Lei M (2008) A 10 
shared docking motif in TRF1 and TRF2 used for differential recruitment of telomeric 11 
proteins. Science 22: 1092-1096  12 
16- Wan B, Yin J, Horvath K, Sarkar J, Chen Y, Wu J, Wan K, Lu J, Gu P, Yu EY, Lue NF, 13 
Chang S, Liu Y, Lei M (2013) SLX4 assembles a telomere maintenance toolkit by bridging 14 
multiple endonucleases with telomeres. Cell Rep 4: 861-869. 15 
17- Kim H, Lee OH, Xin H, Chen LY, Qin J, Chae HK, Lin SY, Safari A, Liu D, Songyang Z 16 
(2009) TRF2 functions as a protein hub and regulates telomere maintenance by recognizing 17 
specific peptide motifs. Nat Struct Mol Biol 16: 372-379 18 
18- Bilaud T, Brun C, Ancelin K, Koering CE, Laroche T, Gilson E (1997) Telomeric 19 
localization of TRF2, a novel human telobox protein. Nat Genet 17: 236-239 20 
19- Court R, Chapman L, Fairall L, Rhodes D (2005) How the human telomeric proteins 21 
TRF1 and TRF2 recognize telomeric DNA: a view from high-resolution crystal structures. 22 
EMBO reports 6: 39-45 23 
20- Palm W, de Lange T (2008) How shelterin protects mammalian telomeres. Annu Rev 24 
Genet 42: 301–334 25 
21- Poulet A, Buisson R, Faivre-Moskalenko C, Koelblen M, Amiard S, Montel F, Cuesta-26 
Lopez S, Bornet O, Guerlesquin F, Godet T, Moukhtar J, Argoul F, Déclais AC, Lilley DM, 27 
Ip SC, West SC, Gilson E, Giraud-Panis MJ (2009) TRF2 promotes, remodels and protects 28 
telomeric Holliday junctions. EMBO J 28: 641-651 29 
 23 
22- Deng Z, Norseen J, Wiedmer A, Riethman H, Lieberman PM (2009) TERRA RNA 1 
binding to TRF2 facilitates heterochromatin formation and ORC recruitment at telomeres. 2 
Mol Cell 35: 403-413 3 
23- Baker AM, Fu Q, Hayward W, Victoria S, Pedroso IM, Lindsay SM, Fletcher TM (2011) 4 
The telomere binding protein TRF2 induces chromatin compaction. PLoS One  6: e19124 5 
24- Poulet A, Pisano S, Faivre-Moskalenko C, Pei B, Tauran Y, Haftek-Terreau Z, Brunet F, 6 
Le Bihan YV, Ledu MH, Montel F, Hugo N, Amiard S, Argoul F, Chaboud A, Gilson E, 7 
Giraud-Panis MJ (2012) The N-terminal domains of TRF1 and TRF2 regulate their ability to 8 
condense telomeric DNA. Nucleic Acids Res 40: 2566-2576 9 
25- Chen Y, Rai R, Zhou ZR, Kanoh J, Ribeyre C, Yang Y, Zheng H, Damay P, Wang F, 10 
Tsujii H, Hiraoka Y, Shore D, Hu HY, Chang S, Lei M (2011) A conserved motif within 11 
RAP1 has diversified roles in telomere protection and regulation in different organisms. Nat 12 
Struct Mol Biol 18:213-221  13 
26- Li B, Oestreich S, de Lange T (2000) Identification of human Rap1: implications for  14 
telomere evolution. Cell 101: 471-483 15 
27- Bae NS, Baumann P (2007) A RAP1/TRF2 complex inhibits nonhomologous end-joining 16 
at human telomeric DNA ends. Mol Cell 26: 323–334 17 
28- Kabir S, Sfeir A, de Lange T (2010) Taking apart Rap1: an adaptor protein with telomeric 18 
and non-telomeric functions. Cell Cycle 9: 4061–4067 19 
29- Kabir S, Hockemeyer D, de Lange T (2014) TALEN gene knockouts reveal no 20 
requirement for the conserved human shelterin protein Rap1 in telomere protection and length 21 
regulation. Cell Rep 9: 1273–1280 22 
30- Martinez P, Thanasoula M, Carlo AR, Gómez-López G, Tejera AM, Schoeftner S, 23 
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Table 1: X-ray diffraction data collection and refinement statistics. 1 
 2 
Wavelength (Å) 0.98 
Space-group P21 





Rmerge 0.068 (0.664) 
Number of unique reflections 33979 (5718) 
 14,29 (2.26) 
Completeness 0.965 (0.794) 
Wilson B-factor (Å
2
)  51.6 
Molecular Replacement (LLG) 1391 
Refinement  
Resolution 2.44 Å 
Rwork 0.193 
Rfree 0.237 
Number of non-solvent atoms 6938 
Number of water molecules 94 
Figure of merit 0.7813 
RMSD bond lengths 0.004 
RMSD bond angles 0.976 
RMSD chirality 15.25 
PDB entry 4RQI 
LLG: Log of Likelihood Gain 3 
  4 
 27 
Figures legends 1 
Figure 1: RAP1 affects TRF2 binding properties on linear and branched DNA. 2 
A: 5 nM of tHJ labelled on strand indicated at the top was incubated with 200 nM of TRF2 3 
with and without increasing amount of RAP1 prior to cleavage with GEN1[1-527]. 4 
Concentrations of RAP1 used were 100, 200, 400, 1000, 1500 nM (experiment on the left) or 5 
at 1500 nM for the other three experiments.  6 
B: 5 nM of tHJ labelled on strand 4 was incubated with increasing amounts of TRF2
∆L
 prior 7 
to cleavage with either Endonuclease I, CCE1 or RusA. Concentrations of TRF2
∆L 
used were 8 
10, 20, 50, 100, 200, 500, 1000 nM. In lanes 3, 12 and 21 the junction is incubated with 200 9 
nM of TRF2 prior to cleavage. In lanes 29 and 30 the junction is incubated with 1000 nM of 10 
TRF2 and TRF2
∆L
.  11 
C: 5 nM of tHJ labelled on strand 4 was incubated with 200 nM of TRF2
∆L 
with and without 12 
increasing amount of RAP1 prior to cleavage with either Endonuclease I, CCE1 or RusA. 13 
Concentrations of RAP1 used were 100, 200, 400, 1000, 1500 nM. In lanes 3, 12 and 21 the 14 
junction is incubated with 1500 nM of RAP1 prior to cleavage. In lanes 4, 13 and 22 the 15 
junction is incubated with 200 nM of TRF2 prior to cleavage. In lanes 29, 30 and 31 the 16 
junction is incubated with 1500 nM of RAP1, 200 nM of TRF2 and 200 nM of TRF2
∆L
.  17 
D: 2D probability maps calculated from AFM experiments showing the binding of TRF2 (10 18 
nM of dimers) on a 650 bp telomeric DNA (10 nM) either alone (top panel) or in the presence 19 
of 40 nM (monomer) of either full-length RAP1 (middle panel) or RAP1-RCT (bottom 20 
panel). Yellow dotted lines show the contour length of unbound DNA. Green and red dotted 21 
lines show the contour length and volume of the main TRF2-DNA complex respectively. 22 
Color scale of the probability on the right of the maps. 23 
Figure 2: Formation of TRF2 complex with RAP1 is associated to conformational 24 
adjustment and biphasic signal of interaction. 25 
A: Domains organisation of RAP1 and TRF2. The blue arrow shows the limit of RAP1-RCT 26 
construct.  27 
B: Table of theoretical molecular weight (MWth), giration radius (Rg), maximal distances 28 
(Dmax) and experimental molecular weight (MWexp) from Guinier calculation performed 29 
with each corresponding SAXS curve. 30 
 28 
C–E: Ab initio averaged envelopes of TRF2 (C), RAP1 (D), and TRF2/RAP1 (E) with 1 
superimposed globular domains as references. 2 
F-G: ITC characterization of the interaction between TRF2 and RAP1 (F) or RAP1-RCT (G). 3 
 Figure 3: Complete interaction of RAP1 with TRF2 involves YXLXP motif and TRF2 4 
dimerization domain. 5 
A: Superimposition of the four TRFH monomers observed in the crystal asymmetric unit 6 
(from pale to dark yellow) and of the four corresponding RAP1-YLP peptides (from pale to 7 
dark cyan). 8 
B: Superimposition of TRFH (yellow) in complex with Apollo-YLP (dark purple) or RAP1-9 
YLP peptide (cyan). The region of TRFH involved in the interaction with Apollo-YLP is 10 
shown in violet, and with RAP1-YLP in light cyan. The rms deviation calculated on C-alpha 11 
of each of the four TRFH monomer / RAP1-YLP and of TRFH monomer / Apollo-YLP is 12 
between 0.54 and 0.88 Å. 13 
C: ITC characterization of the interaction between TRF2 with RAP1-ARAGA.  14 
Figure 4: Complete interaction of RAP1 with TRF2 involves large area from RAP1 N-15 
terminal moiety and TRF2 dimerization domain.  16 
A-B: Acetylation profile of lysine residues in TRF2, RAP1 or RAP1-ARAGA alone, 17 
compared to TRF2/RAP1 or TRF2/RAP1-ARAGA. Lysine residues are represented in small 18 
sphere and coloured differently if they are protected (blue, or light blue if the precise 19 
acetylation position was not determined), more accessible (red), or not affected (black) in 20 
both TRF2/RAP1 and TRF2/RAP1-ARAGA complex, or protected (green) or more 21 
accessible (orange) only in TRF2/RAP1 complex. Residues Y-L-P are shown as purple 22 
spheres. The inserted tables show the lysine number in the sequence, highlighted in blue in 23 
RAP1 globular domain, in yellow in TRF2 globular domain. The acetylation profile follows 24 
the same colour code as in the structure representation. A: TRFH/RAP1-YLP peptide crystal 25 
structure; B: Juxtaposition of RAP1[1-121] 3D model calculated with Modeller (44), and 26 
RAP1-Myb NMR structure (PDB entry 1FEX).  27 
C: Positioning of RAP1 BRCT and Myb domains on TRFH surface based on combination of 28 
the crystal structure and footprinting experiments, showing on the right side the induced 29 
dimerization of BRCT domain (colour code identical than in figure 3).  30 
 29 
D: Surface representation of RAP1[1-208] coloured upon the conservation score of 1 
CONSURF software (47) with the trace of the TRFH domain in black shadow (left) ; Surface 2 
representation of TRFH domain of TRF2 coloured upon the conservation score of CONSURF 3 
software (47) with the RAP1-YLP peptide in black (right). All structure representations were 4 
drawn with software Pymol (46). 5 
Figure 5: Interaction of RAP1 with TRF2 is associated to different binding properties. 6 
A: 5 nM of tHJ labelled on strand 4 was incubated with 200 nM of TRF2
 
with and without 7 
increasing amount of RAP1-ARAGA or RAP1[1-208] prior to cleavage with CCE1. 8 
Concentrations of RAP1-ARAGA used were 200, 400, 1000, 1500, 3000 nM (lanes 8-12, and 9 
3000 nM in lanes 4 and 20. Concentrations of RAP1[1-208] used were 100, 200, 400, 1000, 10 
1500 nM (lanes 13-17), and 1500 nM in lanes 5 and 21. Concentration of RAP1-wt in lanes 3, 11 
7 and 19 is 1500 nM. In lanes 3, 12 and 21 the junction is incubated with 1500 nM of RAP1 12 
prior to cleavage.  13 
B: Left panel, SDS-PAGE analysis of a typical streptavidin-DNA pulldown experiment 14 
(Coomassie blue stained). Lanes contain: 1) input nuclear extract, 2) molecular weight marker 15 
(Weights from top to bottom: 250, 150, 100, 80, 60 kDa); 3) input purified TRF2, 4) nuclear 16 
extract flow through, 5) elution of TRF2-bound proteins; 6) input purified TRF2/RAP1 17 
complex, 7) nuclear extract flow through, 8) elution of TRF2/RAP1-bound proteins; 9) input 18 
purified TRF2/RAP1-ARAGA complex, 10) nuclear extract flow through, 11) elution of 19 
TRF2/RAP1-ARAGA-bound proteins; 12) nuclear extract flow through in absence of 20 
telomeric proteins, 13) elution of DNA-bound proteins (control). Right panel, enlarged view 21 
of lanes 5, 8 and 11 of the SDS-PAGE.   22 
Figure 6: Model of binding properties of TRF2/RAP1 assembly 23 
Proposed model of the assembly of TRF2/RAP1 and the effect of its malleability on its 24 
binding properties. The presence of RAP1 (cyan) prevents the binding of non-specific 25 
proteins like FLP containing proteins (orange) in the TBM area of TRF2 (yellow), but does 26 
not prevent the binding of high-affinity YLP containing proteins (purple). In the absence of 27 
YLP containing proteins, RAP1 complete interaction induces the formation of BRCT dimer 28 
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Figure 2: Formation of RAP1/TRF2 complex is associated to conformational 
adjustment and biphasic signal of interaction . 
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Figure 3: Complete interaction of RAP1 with TRF2 involves YXLXP motif and TRF2 
dimerization domain.  
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Figure 4: Complete interaction of RAP1 with TRF2 involves large area from RAP1 N-


























































































































































































Figure 5: Interaction of RAP1 with TRF2 is associated to different binding properties. 
Figure 6: Model of binding properties of TRF2/RAP1 assembly. 
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Protein expression  
All proteins were expressed in E. coli, either in BL21DE3-star or in Rosetta strain (see table 
“Protein constructs used in this study” for details). After transformation by heat shock and 
selection of recombinant colonies with appropriate antibiotic (see table), bacteria were grown 
in LB medium + appropriate antibiotic in a shaking incubator at 37 °C until cultures reached 
an OD600 ~0.6. Cultures were then cooled to 20 °C, expression was induced by addition of 
IPTG qsp 0.5 mM final concentration in medium when OD600 reached ~0.8-1, and bacteria 
were further grown overnight (except for construct E, which was induced for 3 hours at 
37°C). 
Bacteria were harvested by centrifugation at 3,000 g at 4 °C for 30 min, LB medium was 
discarded and pellets were washed in cold PBS, centrifuged again and stored dry at -80 °C 
after flash-freezing in liquid nitrogen. 
Protein purification 
For all proteins, cell pellets were thawed and suspended in 40 mL cold buffer A + Triton-X-
100 0.5% v/v + PMSF 1 mM. Suspensions were treated by lysozyme (20 mg for one pellet) at 
room temperature for 15 min under gentle agitation, and then submitted to sonication at 4 °C 
(at least 4 cycles of 1 min with pulses of 1 second interspersed with 1 second pause, at 40, 50, 
60 and 70% power of a Vibra-Cell 75042 sonicator). Lysates were then supplemented with 
MgCl2 qsp 1.5 mM final concentration and treated by Benzonase nuclease (1 µL for one 
pellet) at room temperature for 15 min. Finally, lysates were centrifuged at 48,000 g at 4 °C 
for 30 min and resulting supernatants were passed through 0.22 µm filters before application 
on chromatography column.  
The following purification strategy was followed for most protein constructs (specific details 
for some constructs are provided in next paragraphs): all steps were performed at 4 °C (cold 
room) or with buffers and sample on ice; filtered supernatant from last step of lysis was 
immediately applied on a HisTrap HP 5 mL column (GE Healthcare) previously regenerated 
with Ni
2+
 ions and equilibrated in buffer A, loaded column was washed with several volumes 
of buffer A (until baseline equilibrated) and elution was performed with a linear gradient of 0 
to 100% v/v buffer B over 20 column volumes. Fractions containing the protein of interest (as 
seen by SDS-PAGE) were pooled and set in buffer D (or in PBS for RAP1[270-399] construct E) 
through a HiPrep 26/10 Desalting column (GE Healthcare) to ensure full activity of protease 
for tag cleavage. Appropriate protease (either thrombin or TEV, see table “Protein constructs 
used in this study”) was added to the protein solution to a ratio of 2 to 4% w/w and the mix 
was incubated overnight at 4 °C. Next day, protein solution was adjusted to 300 mM NaCl 
(400 mM for RAP1 constructs B and C because pI < 5 gives stronger binding to Ni
2+
) and 20 
mM imidazole and run through the HisTrap column previously stripped, Ni
2+
-regenerated and 
equilibrated in buffer C; flow through containing the tag-free protein was collected. Protein 
solution was finally set in buffer D through the Desalting column, glycerol was added to a 
final concentration of 5% v/v, and protein was stored as 1 mL aliquots at -80 °C after flash-
freezing in liquid nitrogen. 
 For TRF2, an additional step of affinity chromatography on Heparin HP 5 mL column 
(GE Healthcare) was performed after the second HisTrap to ensure no DNA from the bacteria 
remained bound to the protein. For this step, the protein solution was adjusted to 100 mM 
NaCl before application on the column previously equilibrated in buffer E, and elution was 
performed with a linear gradient of 0 to 100% v/v buffer F over 20 column volumes. The 
migration profile of purified TRF2 during gel filtration reveals a first high peak and a 
secondary peak as previously observed (Bae & Bauman, 2007, Amiard et al., 2007). SEC-
MALS coupled to SDS-PAGE analysis and ITC measurements show that the first peak 
corresponds to highly pure TRF2 full-length homodimer with an experimental molecular 
weight of 114.5 kDa (theoretical expected molecular weight = 113.2 kDa, Sup-Figure 1A and 
1B), compatible with SAXS analysis. 
 For RAP1 constructs A and D, an additional step of size exclusion chromatography 
was performed after the first HisTrap, on Superdex 200 and Superdex 75 columns (GE 
Healthcare), respectively, equilibrated in buffer G (high salt buffer, to separate potentially 
interacting contaminants). For ARAGA mutant Circular dichroism spectra in far-UV and 
temperature denaturation show that these three mutations do not affect the secondary and 
global structure of RAP1 (Supplementary Figure 7A-7C). 
 Prior to any experiment that required thawing of stored aliquots, all proteins were 
subjected to size exclusion chromatography on Superdex 200 column in order to remove 
eventual aggregates and to set the appropriate buffer for the experiment. It was of particular 
importance to avoid the presence of degradation fragments in experiments (TRF2 and RAP1 
are prone to degradation due to long unfolded regions). 
References:  
Amiard S, Doudeau M, Pinte S, Poulet A, Lenain C, Faivre-Moskalenko C, Angelov D, Hug 
N, Vindigni A, Bouvet P, Paoletti J, Gilson E, Giraud-Panis MJ (2007) A topological 
mechanism for TRF2-enhanced strand invasion. Nat Struct Mol Biol 14: 147-154. 
Bae NS, Baumann P (2007) A RAP1/TRF2 complex inhibits nonhomologous end-joining at 
human telomeric DNA ends. Mol Cell 26: 323-334. 
Kinetics of RAP1 limited trypsin proteolysis 
RAP1 (construct A) was dialyzed against the following buffer: 20 mM HEPES pH = 7.5, 150 
mM NaCl. 45 µg of RAP1 were mixed with trypsin at a ratio of 1/10,000 w/w and incubated 
at 20 °C. Reaction content at 0, 30 min, 1h, 1h30, 2h, 3h, 4h, 5h, 6h, 7h, 8h, 23h, 24h and 25h 
was analyzed by SDS-PAGE. 
Circular dichroism spectroscopy 
RAP1 WT (construct A), RAP1 ARAGA (construct C) and TRF2 (construct E) were dialyzed 
against the following buffer: 9 mM Tris pH = 7.5, 300 mM NaF. For each protein, a 
concentration series of 3, 6 and 15 µM was used for spectra acquisition. Spectra were 
measured with a Jasco J-815 CD Spectrometer instrument. Each spectrum results from an 
accumulation of 20 acquisitions, scanning from 250 to 190 nm by steps of 0.1 nm and a 
bandwidth of 2 nm. Protein spectra were subtracted with buffer spectrum. To be able to 
compare spectra between the different proteins, they were expressed in molar ellipticity per 
residue according to the following formula:  
[𝜃] =  
𝜃
10 × 𝑐 × 𝑙 × 𝑛
 
where [𝜃] is the molar ellipticity per residue (deg.cm2.dmol-1.residue-1), 𝜃 is the raw CD data 
from the spectrometer (mdeg), c is the molar concentration of the protein sample (mol.L
-1
), l 
is the optical path (cm) and n is the number of residues in the protein. Spectra were also 
scaled so that their value at 209.5 nm (inflexion point) coincided. This allowed avoiding 
discrepancies in spectra amplitudes due to uncertainties in protein concentration 
determination (measured by absorbance at 280 nm with a Nanodrop instrument, which is less 
sensitive than the CD spectrometer). 
Thermal denaturation was followed by measuring the CD signal at 222 nm (alpha helix main 
signal) while heating the samples from 10 to 95 °C by 1 °C steps. Thermal denaturation data 
were fitted using SciDAVis software (http://scidavis.sourceforge.net/) to determine Tm values. 
SAXS analysis 
We performed Small Angle X-ray Scattering analysis and calculated ab initio envelopes that 
represent the statistical distribution of the three-dimensional conformation of the molecule in 
solution, including flexible regions (Koch et al., 2003). The data were analyzed using 
FOXTROT (from SWING beamline) and PRIMUS (Primary Analysis & Manipulations with 
Small Angle Scattering DATA) from ATSAS 2.1 (Konarev et al., 2006), from which Guinier 
and normalized Kratky plots (Durand et al., 2010) were generated (Figure 1, Supplementary 
Figure 5). From the corrected scattering curves, the pair-distribution functions were computed 
using GNOM (Svergun, 1992), leading to the radius of gyration Rg, and the maximal distance 
Dmax. The molecular weights of the particles were derived from the extrapolated intensity at 
the origin I0 (Figure 4B). In order to calculate reliable ab initio averaged envelopes, we 
generated 100 low-resolution ab initio shape envelops using GASBOR (Svergun, 1999). The 
best 50 envelopes were selected based on Chi2 factor. After superposition of the envelopes, 
files were selected based on the double criteria: 
 - chi2 < chi-min + 1 ecart.standard(chi) 
 - NSD < NSD-min + 1 average deviation (NSD= Normalized Spatial Discrepancy); 
The selected files were averaged with DAMAVER. From this approach, we do not necessary 
average more envelopes than from the classical approach (8 to 10 envelopes), but the tight 
selection criteria improved the accuracy of the final envelopes.  
References:  
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structures and structural changes of biological macromolecules in solution. Q Rev Biophys 36: 
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- Konarev PV, Petoukhov MV, Volkov VV, Svergun DI (2006) ATSAS 2.1, a program 
package for Small-angle scattering data analysis. J Appl Cryst 39: 277-286. 
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Setup of protein footprinting protocol 
Protocol was adapted from Delphine Benarroch-Popivker method (personal communication) 
as well as methods reported in the following references to our specific study of protein / 
protein interactions. Therefore, we had to take into account the number of lysines present in 
TRF2 and RAP1 and use an excess of one protein to ensure the other one is engaged in 
complexes at 100%. TRF2 (construct F), RAP1 (construct B) and RAP1-ARAGA (construct 
C) were set in buffer H by size exclusion chromatography (Superdex 200 10/300 GL, GE 
Healthcare). 
The following mixtures were then prepared to a final volume of 20 µL:  
- free proteins: TRF2 at 20 µM (monomers) +/- sulfo-NHS-acetate at 4.075 mM (same 
absolute concentration as in the condition where we look at TRF2 engaged in the complex) ; 
RAP1 or ARAGA at 20 µM +/- sulfo-NHS-acetate at 7.85 mM (same absolute concentration 
as in the condition where we look at RAP1 or ARAGA engaged in the complex) 
- complexes: TRF2 at 20 µM (monomers) + RAP1 or ARAGA at 30 µM (1.5-fold molar 
excess versus TRF2) + sulfo-NHS-acetate at 4.075 mM (2.5-fold molar excess versus total 
number of lysines in this condition) ; RAP1 or ARAGA at 20 µM + TRF2 at 30 µM 
(monomers, 1.5-fold molar excess versus RAP1 or ARAGA) + sulfo-NHS-acetate at 7.85 
mM (2.5-fold molar excess versus total number of lysines in this condition). 
Before addition of sulfo-NHS-acetate, all preparations were incubated 10 min at 20 °C to 
allow complex formation. Excess of one protein was necessary to ensure that the other one is 
engaged in complexes at 100%. Sulfo-NHS-acetate was dissolved in water shortly before use, 
as advised by the manufacturer (Thermo Scientific). Control experiments were also performed 
for free proteins by adding water instead of sulfo-NHS-acetate. Reactions were incubated 30 
min at 20 °C, and finally quenched by addition of 2 µL of 1M Tris buffer pH = 7.5 to 
consume the remaining excess of free sulfo-NHS-acetate. Samples were then analyzed by 
SDS-PAGE, and excised bands were analyzed by mass spectrometry PMF (peptide mass 
fingerprinting) after protease digestion. 
References: 
-Hassani O, Mansuelle P, Cestèle S, Bourdeaux M, Rochat H, Sampieri F (1999) Role of 
lysine and tryptophan residues in the biological activity of toxin VII (Ts γ) from the scorpion 
Tityus serrulatus. Eur J Biochem 260: 76–86 
-Kvaratskhelia M, Miller JT, Budihas SR, Pannell LK, Grice SFJL (2002) Identification of 
specific HIV-1 reverse transcriptase contacts to the viral RNA:tRNA complex by mass 
spectrometry and a primary amine selective reagent. PNAS 99: 15988–15993 
-Liu Y, Kvaratskhelia M, Hess S, Qu Y, Zou Y (2005) Modulation of Replication Protein A 
Function by Its Hyperphosphorylation-induced Conformational Change Involving DNA 
Binding Domain B. J Biol Chem 280: 32775–32783 
-Mendoza VL, Vachet RW (2009) Probing protein structure by amino acid-specific covalent 
labeling and mass spectrometry. Mass Spectrometry Reviews 28: 785–815 
-Nuss JE, Sweeney DJ, Alter GM (2006) Reactivity-Based Analysis of Domain Structures in 
Native Replication Protein A. Biochemistry 45: 9804–9818 
-Wang X, Kim S-H, Ablonczy Z, Crouch RK, Knapp DR (2004) Probing 
Rhodopsin−Transducin Interactions by Surface Modification and Mass Spectrometry. 
Biochemistry 43: 11153–11162 
Mass spectrometry analysis of footprinting products 
Protein bands excised from SDS-PAGE gels were washed twice with 500 μL ammonium 
bicarbonate 100 mM pH = 8, washed again twice with 500 μL ammonium bicarbonate 50 mM 
pH = 8 / acetonitrile 50%, partially dried by lyophilization, and rehydrated by 20 μL 
ammonium bicarbonate 100 mM pH = 8.  
All bands were digested by trypsin at 10 ng/μL in ammonium bicarbonate 100 mM pH = 8, 
incubated 2h at 50 °C and under agitation. RAP1 and ARAGA replicate bands were also 
digested by V8 protease at 10 ng/μL in ammonium bicarbonate 100 mM pH = 8, incubated 
overnight at 30 °C and under agitation. Proteolysis reactions were stopped by addition of TFA 
at 1% v/v final concentration. 
0.5 µL of each sample were directly spotted on MALDI plates with 0.5 µL 4-HCCA matrix at 
10 mg/mL in acetonitrile 50% / water 49.9% / TFA 0.1%. For MS/MS acquisitions, samples 
were concentrated by MicroZipTip C18 before spotting. 
MS data were acquired on a 4800 MALDI-TOF/TOF instrument (ABSciex, Foster City, 
USA). Spectra were analyzed with Mascot (http://www.matrixscience.com), against non-
redundant NCBI protein database, to determine sequence coverage and identify TRF2 and 
RAP1 fragments containing lysine residues, which were subsequently confirmed by MS/MS 
sequencing. Peaks of interest were also identified by manual comparison of spectra acquired 
on free proteins treated or not treated by sulfo-NHS-acetate. 
Acetylation profiles analysis 
Using mMass software, MS spectra were normalized relative to the highest peak (peak at m/z 
= 1064 for RAP1 and ARAGA digested by trypsin; peak at m/z = 1483 for RAP1 and 
ARAGA digested by V8 endopeptidase Glu-C; peak at m/z = 909 for TRF2 digested by 
trypsin). This relative scale allowed comparison of spectra obtained from different samples, 
which had otherwise different amplitudes on their absolute scales. For each fragment 
containing lysine residues and confirmed experimentally by MS/MS, we compared peak 
heights for the free protein versus the protein bound to its partner. Results are shown in 
Supplementary Figures 8 (TRF2) and 9 (RAP1). Identical results were obtained with RAP1 
and ARAGA, except when a spectrum is displayed for ARAGA (Supplementary Figures 8 D 
and 9 G). Taken together, the modifications in acetylation profiles highlight regions in TRFH, 
TRF2-RBM, TRF2-Myb, RAP1-RCT, RAP1-Myb and RAP1-BRCT. 
Reference: Strohalm M, Kavan D, Novák P, Volný M, Havlíček V (2010) mMass 3: A Cross-
Platform Software Environment for Precise Analysis of Mass Spectrometric Data. Anal. 
Chem. 82: 4648–4651 
TRF2 
As expected, the known interaction between RAP1-RCT and TRF2-RBM is associated to 
protection of Lys293 from TRF2-RBM. In addition, Lys327, Lys329 and Lys333 from TRF2, 
and Lys383 and Lys384 from RAP1-RCT are affected by TRF2/RAP1 interactions, which 
extends the RBM region of TRF2 by about 20 residues beyond the one described in the 
crystal structure (Supplementary Figure 10, PDB entry 3K6G, 24). TRFH domain contains 17 
accessible lysines located mainly on the external helices of the dimer or on the inner side. We 
observe acetylation for 6 of them and interestingly the acetylation profile is modified upon 
RAP1 interaction for 4 of them. Lys58, Lys93, located close to YRLGP interaction site, and 
the more external Lys183 and Lys190, are protected by RAP1. Interestingly, Lys58 and 
Lys93 are protected by RAP1-ARAGA but not the more external Lys183 and Lys190, 
suggesting that the interaction of the external region is driven by the YRLGP sequence. 
Finally, Lys202 and Lys220, located on the opposite face of the monomer, are always 
acetylated, which implies that this region does not belong to the interaction path. 
Strong decrease in peak height for peaks corresponding to acetylated peptides 55-66 and 81-
99 show that K58 and K93 are protected in TRF2/RAP1 complex (Supplementary Figure 8, B 
and C). Peak corresponding to di-acetylated peptide 181-192 decreases for TRF2 in complex 
with RAP1 (Supplementary Figure 8 D, left panel) but not in complex with ARAGA 
(Supplementary Figure 8 D, right panel), showing that K184 and K190 are only protected in 
TRF2/RAP1 complex and not in TRF2/ARAGA complex. No variation of peak height for 
peaks corresponding to peptides 201-220 and 203-220 show that these lysines are not affected 
by the presence of RAP1 nor ARAGA (Supplementary Figure 8 E). Strong decrease in peak 
height for peak corresponding to 4-acetylated peptide 242-274 shows that this region is 
protected in TRF2/RAP1 or TRF2/ARAGA complex. MS/MS analysis revealed that this peak 
results from a mix of peptides 242-274 acetylated on different lysine residues, and the 
decrease in peak height indicates that one of the lysines is protected in the complex but we 
cannot say precisely which one. This is consistent with this region being the beginning of a 
flexible linker, immediately in C-ter with respect to TRFH domain. Variations of peak height 
for peaks corresponding to peptides 290-307 (acetylated), 294-307, 294-311 (acetylated), 
312-327, 312-329 (acetylated) and 312-332 (di-acetylated) were all correlated due to the fact 
that trypsin is unable to cleave after an acetylated lysine, giving a complex cleavage pattern 
that depends on acetylation state. The data presented in Supplementary Figure 8 H can be 
explained by: 
- A protection of K293, explaining the decrease seen in top left panel 
- K307 becoming more accessible (thus more frequently acetylated), explaining the decrease 
seen in top middle and left panels and the increase seen in top right panel 
- K311 (lysine marked by a star) becoming more accessible (thus more frequently acetylated), 
explaining the decrease seen in bottom left panel instead of the expected increase due to K327 
protection 
- A protection of K327, explaining the decrease seen in bottom middle and right panel 
- A protection of K329, explaining the decrease seen in bottom right panel. 
Supplementary Figure 8 I shows that one of the three lysines K333, K353 or K355 is 
protected in the complex, explaining the decrease seen for peaks corresponding to di- and tri-
acetylated peptide 333-356 (middle and right panels, respectively) while peak corresponding 
to mono-acetylated peptide 333-356 does not vary between free and complexed TRF2 (left 
panel). It has been shown that TIN2 and RAP1 can interact together with TRF2. Since TIN2 
interaction site includes K353 and K355, we concluded that the protected lysine is K333, 
which is also consistent with the proximal protected K327 and K329. Peaks corresponding to 
di-acetylated peptide 447-459 and mono-acetylated peptide 448-459 do not vary between free 
and complexed TRF2 (Supplementary Figure 8 J), showing that K447, K449 and K459 are 
identically exposed either in free TRF2 or in the complex. Decrease in peak height for peaks 
corresponding to di-acetylated peptide 460-482 and mono-acetylated peptide 465-482 
(Supplementary Figure 8 K) show that K464 and K475 are protected in the complex. 
RAP1 
Slight increase in peak height for peak corresponding to acetylated peptide 24-40 
(Supplementary Sigure 9 B) shows that K39 is more accessible in the complex. This is 
observed only with RAP1-WT, not with ARAGA. Increase in peak height for peak 
corresponding to peptide 101-129, and no significant variation in peak height for peak 
corresponding to acetylated peptide 101-129 (Supplementary Figure 9 C) show that K114 is 
protected in the complex. K149, K165 and K181 remain equally accessible in the complex as 
in free RAP1, as shown by no significant variation of peak height for peaks corresponding to 
peptide 134-149 and acetylated peptide 134-153 (Supplementary Figure 9 D), acetylated 
peptide 154-169 (Supplementary Figure 9 E), and peptide 170-183 and its acetylated form 
(Supplementary Figure 9 F). K186 is protected in the complex with RAP1-WT only (not with 
ARAGA), as shown by a decrease in peak height for peak corresponding to acetylated peptide 
183-192 (Supplementary Figure 9 G). Slight increase in peak height for peak corresponding to 
acetylated peptide 190-208 (Supplementary Figure 9 H) shows that K194 is more accessible 
in the complex, only with RAP1-WT. K208, K210, K212 and K228 remain equally accessible 
in the complex as in free RAP1, as shown by no significant variation of peak height for peaks 
corresponding to mono- and di-acetylated peptide 195-211 (Supplementary Figure 9 J) and 
non-acetylated, mono-acetylated and di-acetylated forms of peptide 212-229 (Supplementary 
Figure 9 K). Strong increase in peak height for peak corresponding to acetylated peptide 324-
344 (Supplementary Figure 9 L) shows that K324 is more accessible in the complex than in 
free RAP1. K383 is protected in the complex, as shown by an increase in peak height for peak 
corresponding to peptide 380-395 and a correlated decrease in peak height for peak 
corresponding to an acetylated form of this peptide (Supplementary Figure 9 M). K384 is also 
protected, as shown by the same variations for peaks corresponding to non-acetylated and 
acetylated peptide 384-392 (Supplementary Figure 9 N). 
RAP1 / TRF2-Myb interaction assay 
Footprinting experiments showed that TRF2 K464 and K475 are protected in the complex 
(Supplementary Figure 10, A and B), which was not expected because these lysines are 
located in the Myb DNA-binding domain, a region not expected to interact with RAP1. We 
therefore tested the possibility of a contact between RAP1 and TRF2-Myb by size exclusion 
chromatography. The chromatogram displays two peaks at same elution volumes as the peaks 
obtained with both proteins run separately through the column (Supplementary Figure 11), 
and SDS-PAGE analysis of the contents of those peaks confirms that the two proteins do not 
co-elute. Protein concentration in the output from the column was estimated to be around 25-
30 µM for RAP1 and around 55-60 µM for TRF2-Myb. We can therefore conclude that RAP1 
does not interact with TRF2-Myb with a detectable affinity, and that the protection detected in 
footprinting experiments could be due to conformational adjustment of TRF2 or intra-TRF2 
(potentially inter-monomer) contacts. 
Preparation of nuclear extracts 
Nuclear extracts were prepared following the protocol described in (Abmayr et al, 2001), with 
the following minor modifications : all buffers contained 2-mercaptoethanol at a 
concentration of 5 mM instead of DTT; PMSF concentration in all buffers was 1 mM instead 
of 0.2 mM; conductivity of the extracts was not measured but final dialysis was performed 
against 100 volumes of dialysis buffer (molecular weight cut-off 6-8 kDa) during 1h30; final 
centrifugation was done at 16,100 g instead of 25,000 g. Quantification by Bradford assay 








Tag (all at N-ter) Cleavage site E. coli strain Antibiotic 
A RAP1 [1-399] pET-16b DsRed - 9-His TEV Rosetta 
Amp 100 µg/mL 
Cm 35 µg/mL 
B RAP1 [1-399] pET-16b 9-His TEV Rosetta 
Amp 100 µg/mL 
Cm 35 µg/mL 
C RAP1 [1-399] ARAGA pET-16b 9-His TEV Rosetta pLysS 
Amp 100 µg/mL 
Cm 35 µg/mL 
D RAP1 [270-399] RCT pET-14b 6-His Thrombin BL21DE3-star Amp 50 µg/mL 
E RAP1[1-208] pET-16b 9-His TEV Rosetta pLysS 
Amp 100 µg/mL 
Cm 35 µg/mL 
F TRF2 [3-500] pTrcHisB 6-His TEV BL21DE3-star Amp 50 µg/mL 
G TRF2 [1-500] pETM-13a  8-His TEV BL21DE3-star Kan 30 µg/mL 
H TRF2 [43-245] TRFH pETM-13a  8-His TEV BL21DE3-star Kan 30 µg/mL 
I TRF2 [400-500] Myb pETM-13a 8-His TEV BL21DE3-star Kan 30 µg/mL 
Amp: ampicillin; Cm: chloramphenicol; Kan: kanamycin; a: from Genscript 
 






Sequence Ends Used in 
T2-S1-S2 2 5’-CTAGGGTTAGGGTTAG-3’ Blunt Supp. Fig. 1 
T2-S5-S8-biotin 2 biotin-5’-TACTAGGGTTAGGGTTAGCA-3’ 1-base 5’-
overhang 
Supp. Fig. 12 
     
 
Buffers used for protein purification 
All buffers are freshly prepared and filtered through 0.22 µm diameter pores. 
Buffer A: HisTrap loading buffer 
 Na2HPO4/NaH2PO4 pH = 8, 20 mM 
 NaCl 500 mM 
 Imidazole 60 mM in case of 8- or 9-His tag, 20 mM in case of 6-His tag 
 2-mercaptoethanol 10 mM 
Buffer B: HisTrap elution buffer 
 Na2HPO4/NaH2PO4 pH = 8, 20 mM 
 NaCl 500 mM (1 M for RAP1 constructs B and C because pI < 5 gives stronger binding to 
Ni2+) 
 Imidazole 1 M 
 2-mercaptoethanol 10 mM 
Buffer C: “Reverse HisTrap” loading buffer 
 Tris-HCl pH = 7.5, 20 mM 
 NaCl 300 mM (400 for RAP1 constructs B and C because pI < 5 gives stronger binding to 
Ni2+) 
 Imidazole 20 mM 
 2-mercaptoethanol 10 mM 
Buffer D: Desalting buffer 
 Tris-HCl pH = 7.5, 20 mM 
 NaCl 150 mM 
 2-mercaptoethanol 5 mM 
Buffer E: Heparin low salt buffer 
 Na2HPO4/NaH2PO4 pH = 7.5, 10 mM 
 NaCl 50 mM 
 2-mercaptoethanol 5 mM 
Buffer F: Heparin high salt buffer 
 Na2HPO4/NaH2PO4 pH = 7.5, 10 mM 
 NaCl 2 M 
 2-mercaptoethanol 5 mM 
Buffer G: Gel filtration high salt buffer 
 Tris-HCl pH = 7.5, 20 mM 
 NaCl 1 M 
 2-mercaptoethanol 5 mM 
Buffer H: Protein footprinting buffer 
 Hepes-NaOH pH = 7.5,  
 20 mMNaCl 150 mM 
 2-mercaptoethanol 5 mM 
Supplementary Table 2: ITC experiments 
Cell Syringe Buffer Temperature Vol inj. 
TRF2 (13 µM) RAP1 (130 µM) 50 mM Tris pH 7.5, 150 mM NaCl, 10 mMMe 283 K 10 µL 
TRF2 (10 µM) RAP1[270-399] (91 µM) 50 mM Tris pH 7.5, 150 mM NaCl, 10 mMMe 283 K 10 µL 
TRF2 (13 µM) 
RAP1-ARAGA  
(130 µM) 
50 mM Tris pH 7.5, 150 mM NaCl, 10 mMMe 283 K 10 µL 
TRF2 (13 µM) Apollo-YLP (130 µM) 50 mM Tris pH 7.5, 150 mM NaCl, 10 mMMe 283 K 10 µL 







 (13 µM/13µM) 
Apollo-YLP (130 µM) 50 mM Tris pH 7.5, 150 mM NaCl, 10 mMMe 283 K 10 µL 
Apollo-YLP (25 µM) TRFH (250 µM) 25 mM Tris pH 7.5, 100 mM NaCl, 10 mMMe 293 K 10 µL 
TRF2 (13 µM) Apollo-YLP (130 µM) 50 mM Tris pH 7.5, 150 mM NaCl, 10 mMMe 283 K 10 µL 




(27 µM/27 µM) 
TIN2-YLP (270 µM) 50 mM Tris pH 7.5, 150 mM NaCl, 10 mMMe 283 K 
1.5 µL 
(ITC200) 
Me = 2-mercaptoethanol 
 
 
Supplementary Figure 1: RAP1 does not bind DNA, does not affect TRF2 binding on 
linear DNA, and can form a ternary complex with TRF2 and tel H-J.  
A: ITC experiments performed at 10°C with RAP1 and double-stranded DNA 
oligonucleotides in 50 mM Tris pH 7.5, 150 mM NaCl, 10 mM β-ME. B: EMSA performed on 
5 nM of a labelled 54 bp linear DNA that contains 4 telomeric repeats (dsT4) using 40 nM of 
TRF2 dimers and increasing amounts of RAP1. The addition of RAP1 causes a slight 
change in the aspect of TRF2-containing complexes but no visible changes in affinity. C: 
EMSA performed on 5 nM of a labelled 106 bp linear DNA containing 16 telomeric repeats 
(dsT16) using 10 nM of TRF2 dimers and increasing amounts of RAP1. The addition of 
RAP1 causes both a slight change in the aspect of the TRF2-containing complex and a mild 
increase in affinity (~10% increase in the amount of complex). D: Drawing of telomeric 
Holliday Junction (tHJ), a migratable Holliday Junction with 27 bp including 1 telomeric 
repeat  per arm. E: EMSA performed on labelled tHJ (5 nM) using 20 nM of TRF2 dimers 
and increasing amounts of RAP1. The addition of RAP1 causes a change in the aspect of 
TRF2-containing complexes but no overt modification of affinity. F: Supershift experiment 
perfomed using 5 nM of tHJ incubated with 40 nM of TRF2 (dimer) with or without pre-
incubation with 200 nM of RAP1 and post-incubation with 0.2 µg of anti-RPA1 antibody prior 
to agarose electrophoresis. The shifted DNA complexes obtained with TRF2 and RAP1 are 
supershifted by the anti-RAP1 antibody showing formation of a ternary TRF2/RAP1/junction 
complex. 
A 5’ – CTAGGGTTAGGGTTAG – 3’ 






























































































































































































































































































































































































































































































































1 2 3 5 6 7 8 9 10111213144 15 1716 1819202122
Supplementary Figure 2: RAP1 totally inhibits TRF2-dependent protection against 
CCE1 and RusA cleavage of tHJ, and largely inhibits TRF2-dependent protection 
against Endonuclease I cleavage of tHJ. 
A-B: 5 nM of tHJ labelled on either strand 2 (A) or 4 (B) was incubated with 200 nM of 
TRF2 with and without increasing amount of RAP1 prior to cleavage with either CCE1 A or 
RusA . Concentrations of RAP1 used were 100, 200, 400, 1000, 1500 nM. In lanes 3, 11 
and 18, the junction is incubated with 1500 nM of RAP1. C-F: 5 nM of tHJ labelled on 
either of the 4 strands was incubated with 200 nM of TRF2 with and without increasing 
amount of RAP1 prior to cleavage with Endonuclease I. Concentrations of RAP1 used 
were 100, 200, 400, 1000, 1500 nM. In lanes 3 and 10, the junction is incubated with 1500 
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Supplementary Figure 3: RAP1 does not modify tHJ cleavage in the presence of 
TRF2DB 
5 nM of tHJ labelled on either strand 2 or 4 was incubated with 200 nM of TRF2DB with and 
without increasing amount of RAP1 prior to cleavage with either CCE1 or RusA. 
Concentrations of RAP1 used were 100, 200, 400, 1000, 1500 nM. In lanes 3, 12 and 20 
the junction is incubated with 1500 nM of RAP1.  
Supplementary Figure 4: Qualitative analysis of TRF2, RAP1 and RAP1-ARAGA.  
A: SDS-PAGE of purified TRF2 (1), RAP1 (2), RAP1-ARAGA (3), and acetylated 
TRF2 (4), RAP1 (5), and RAP1-ARAGA (6) proteins (Coomassie blue stained); MW: 
Molecular Weights from top to bottom: 250, 150, 100, 70, 50, 40, 30, 20, 15, 10 and 5 
kDa. B-C: Circular dichroism spectra of TRF2 (B) and of RAP1 and RAP1-ARAGA 
mutant (C). D: thermal denaturation curve of RAP1 WT (top), of RAP1-ARAGA 
mutant (bottom). E: Limited proteolysis of RAP. The band corresponding to RAP1[1-
211] as identified by LC-MS is shown with an arrow. MW: Molecular Weights from top 












































114.5 kDa  





















Distance distribution probability 
Supplementary Figure 5: SAXS analysis of Rap1[266-399] (yellow curves), RAP1 
(red curves), TRF2 (blue curves), RAP1[266-399]/TRF2 (violet curves), and 
RAP1/TRF2 (green curves), and characterization of TRF2 dimer. 
A: SAXS curves with Intensity at the origin in the insert; B: SEC-MALS and SDS-
PAGE analysis of TRF2; C: ITC analysis of TRF2 dilution; D: distance distribution 
function p(r) ; E: Normalized Kratky plots. F-G: Ab initio averaged envelopes RAP1-RCT 
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Supplementary Figure 6: Superposition of isolated RAP1 or RAP1-RCT 
envelopes with envelopes of their complexes with TRF2. 
A: Superposition of two RAP1-RCT envelopes (red and magenta) with 
TRF2/RAP1-RCT envelope (grey) based on the known interaction between 
RAP1-RCT and TRF2-RBM; B: Superposition of TRF2 and TRF2/RAP1 ab 
initio envelopes with TRF2 Dmax in blue and TRF2/RAP1 Dmax in green; C-D: 
Superposition of two RAP1 envelopes (blue and magenta) with TRF2/RAP1 
envelope (yellow), based on (B) the known interaction between RAP1-RCT 
and TRF2-RBM or (C) the optimal occupancy of the upper part of TRF2/RAP1 






Supplementary Figure 7:  ITC experiments. (A) Comparison of experimental 
condition of ITC measurement of the interaction between TRF2 and RAP1. (B-F) 
ITC characterisation of the interaction between TRFH and Apollo-YLP peptide 
494ATEFRGLALKYLLTPVNF511 (B), TRFH and RAP1-YLP peptide 
89ERNERLELEAYRLGPASA106  (C), the pre-formed TRF2/RAP1 complex with 
Apollo-YLP peptide (D), TRF2 and Apollo-YLP peptide (E), Apollo-YLP/TRF2 
preformed complex and RAP1 (F). 
Kd = 46 nM 
TRF2 / Apollo-YLP 
TRFH / RAP1-YLP 
Kd = 13 mM 
Apollo-YLP / TRFH 
Kd = 59 nM 
Apollo-YLP+TRF2 / RAP1 
Kd = 47 nM 






Condition Janoušková et al (2015)  Our study 
[TRF2-monomer] 5 µM (cell) 13 µM (cell) 
[RAP1] 44µM (injector) 130µM (injector) 
Injections 10 µL 10µL 
Temp.  25°C 10°C 
Buffer [Na2PO4] = 20 mM 
pH = 7.0 
[NaCl] = 50 mM 
[Tris-HCl] = 50mM 
pH = 7.5 
[NaCl] = 150 mM  
[2-mercaptoethanol] = 10 mM 
55-WVLKFYFHEALR-66 1 Ac B 81-DIMQALLVRPLGKEHTVSR-99 1 Ac C 
181-HMSKDPTTQKLR-192 2 Ac With ARAGA With RAP1 D 
201-EKNLAHPVIQNFSYETFQQK-220 201-EKNLAHPVIQNFSYETFQQK-220 1 Ac 203-NLAHPVIQNFSYETFQQK-220 E 
242-K?ALK?SESAASSTGK?EDK?QPAPGPVEK?PPREPAR-274 4 Ac F 
Supplementary Figure 8: Comparison of MS spectra for TRF2 free vs in 
complex. 
A: summary of footprinting results in TRF2 (K58 to K267). Lysine residues protected 
(blue) or not affected (grey) in TRF2/RAP1 and TRF2/ARAGA complex, or protected 
only in TRF2/RAP1 complex (green). Region protected in TRF2/RAP1 and 
TRF2/ARAGA complex, but precise lysine undetermined (light blue). Lysine residues 
not detected, or with signal too weak to be interpreted (white). B-F: MS peaks of 
interest, with corresponding fragment indicated above each peak. Lysine residues 
are color-coded according to A, acetylated lysines are underlined, and number of 
acetyl groups in each fragment is indicated. Red and orange curves: TRF2 alone; 


































































290-AAFKTLSGAQDSEAAFAK-307 1 Ac H 294-TLSGAQDSEAAFAK-307 
312-DLVLPTQALPASPALK-327 
294-TLSGAQDSEAAFAKLDQK*-311 1 Ac 
312-DLVLPTQALPASPALKNKRPR-332 2 Ac 312-DLVLPTQALPASPALKNK-329 1 Ac 






460-AGVQKYGEGNWAAISKNYPFVNR-482 2 Ac 465-YGEGNWAAISKNYPFVNR-482 1 Ac 
K 
J 447-KQKWTVEESEWVK-459 2 Ac 448-QKWTVEESEWVK-459 1 Ac 
Supplementary Figure 8 (continued) 
G: summary of footprinting results in TRF2 (K289 to K495). Lysine residues 
protected (blue), more accessible (red) or not affected (grey) in TRF2/RAP1 and 
TRF2/ARAGA complex. Region protected in TRF2/RAP1 and TRF2/ARAGA 
complex, but precise lysine undetermined (light blue). Lysine residues not detected, 
or with signal too weak to be interpreted (white). H-K: MS peaks of interest, with 
corresponding fragment indicated above each peak. Lysine residues are color-coded 
according to G, acetylated lysines are underlined, and number of acetyl groups in 
each fragment is indicated. Red and orange curves: TRF2 alone; dark blue and blue 









































































Supplementary Figure 9: Comparison of MS spectra for RAP1 free or in complex. 
A: summary of footprinting results in RAP1 (K9 to K194). Lysine residues protected 
(blue) or not affected (grey) in TRF2/RAP1 and TRF2/ARAGA complex. Lysine residues 
protected (green) or more accessible (orange) only in TRF2/RAP1 complex. Lysine 
residues not detected, or with signal too weak to be interpreted (white). 
B-H: MS peaks of interest, with corresponding fragment indicated above each peak. 
Lysine residues are color-coded according to A, acetylated lysines are underlined, and 
number of acetyl groups in each fragment is indicated. Red and orange curves: RAP1 
alone; dark blue and blue curves: RAP1 in complex with TRF2 (ARAGA instead of 
RAP1 in G, right panel). 
24-DDGSSMSFYVRPSPAKR-40 1 Ac B 101-LGPASAADTGSEAKPGALAEGAAEPEPQR-129 101-LGPASAADTGSEAKPGALAEGAAEPEPQR-129 1 Ac C 
134-IAFTDADDVAILTYVK-149 134-IAFTDADDVAILTYVKENAR-153 1 Ac D 154-SPSSVTGNALWKAMEK-169 1 Ac E 
170-SSLTQHSWQSLKDR-183 170-SSLTQHSWQSLKDR-183 1 Ac 
F G 
183-RYLKHLRGQE-192 1 Ac RAP1 ARAGA 
Fragment V8  
A 
Domains N BRCT L1 L2

























190-GQEHKYLLGDAPVSPSSQK-208 1 Ac RAP1 ARAGA H 
Supplementary Figure 9 (continued) 
I: summary of footprinting results in RAP1 (K208 to K399). Lysine residues protected 
(blue), more accessible (red) or not affected (grey) in TRF2/RAP1 and TRF2/ARAGA 
complex. Lysine residues not detected, or with signal too weak to be interpreted 
(white). 
J-N: MS peaks of interest, with corresponding fragment indicated above each peak. 
Lysine residues are color-coded according to I, acetylated lysines are underlined, and 
number of acetyl groups in each fragment is indicated. Red and orange curves: RAP1 





















































195-YLLGDAPVSPSSQK?LK?R-211 1 Ac 195-YLLGDAPVSPSSQKLKR-211 2 Ac J 
212-KAEEDPEAADSGEPQNKR-229 212-K?AEEDPEAADSGEPQNK?R-229 1 Ac 212-KAEEDPEAADSGEPQNKR-229 2 Ac 
K 
384-KFGAQNVAR-392 384-KFGAQNVAR-392 1 Ac N 
324-KFNLDLSTVTQAFLKNSGELE-344 1 Ac L 380-ALVKKFGAQNVARRIE-395 380-ALVKKFGAQNVARRIE-395 1 Ac M 
Fragment V8 Fragment V8 
Supplementary Figure 10 : 
Acetylation profile of lysine residues in TRF2, RAP1 or RAP1-ARAGA alone, 
compared to TRF2/RAP1 or TRF2/RAP1-ARAGA shown on the RAP1-RCT / 
TRF2-RBM crystal structure (PDB entry code 3K6G). Lysine residues are 
represented in small sphere and coloured differently if they are protected (blue) 
or more accessible (red) in both TRF2/RAP1 and TRF2/RAP1-ARAGA 
complex. The inserted table shows the lysine number in the sequence, 
highlighted in blue in RAP1 globular domain, in yellow in TRF2 RBM, and in 
grey in TIN2 interacting region (Chen et al., 2008). The acetylation profile 


































































































Supplementary Figure 11: RAP1 does not interact with TRF2 Myb domain. 
A: TRF2 K464 and K475 (blue) on the structure of TRF2 Myb domain (yellow, 
drawn from coordinates in PDB 1W0U). 
B: summary of footprinting results in TRF2 Myb domain. Lysines underlined in 
grey: partially acetylated or not acetylated, and not affected by RAP1 nor ARAGA 
binding. Lysines underlined in blue: protected when TRF2 is bound to RAP1 or 
ARAGA. Lysines underlined in white: not detected, or signal to weak to allow 
interpretation. 
C: size exclusion chromatograms of RAP1 alone (blue curve), TRF2 Myb alone 
(green curve) and a mix of RAP1 and TRF2 Myb at a 1:2 molar ratio, 90 and 180 
µM respectively (red curve). 
D: SDS-PAGE analysis (Coomassie blue stained) of the contents of the two peaks 









































Supplementary Figure 12: Streptavidin-DNA pulldown chromatography 
elution profile.  
HeLa nuclear extracts were loaded on streptavidin/(T2AG3)2-DNA column pre-
equilibrated with TRF2 (A), RAP1/TRF2 (B), RAP1-ARAGA/TRF2 (C), or nothing 
(D) with two experiments for each case. The region corresponding to the elution 
appears in the green box. 
A 
B 
C 
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